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INTRODUCTION: 

Prostate  cancer  (PCa)  has  become  the  most  commonly  diagnosed  cancer  in  men  in  North 
America  with  a  mortality  rate  second  only  to  lung  cancer.  As  humans  develop  a  longer 
life  expectancy,  the  negative  impact  of  PCa  will  rise  dramatically.  For  example,  at 
autopsy,  a  very  large  fraction  (up  to  30%)  of  elderly  men  in  some  cultures  have  evidence 
of  PCa  although  there  had  been  no  clinical  symptoms  during  life.  With  a  longer  life 
expectancy  an  increasing  number  of  men  will  develop  PCa  and  at  present,  the  treatment 
of  this  disease  is  particularly  problematic.  Despite  its  prevalence,  our  understanding  of 
the  cellular  and  genetic  basis  for  prostate  tumorigenesis  and  metastasis  remains  limited. 
PCa  appears  to  be  distributed  across  a  very  broad  spectrum  of  aggressiveness,  and  there 
are  no  reliable  predictors  of  tumor  behavior.  A  critical  issue  in  the  management  of  PCa 
has  been  the  lack  of  DNA-based  markers  for  early  detection  and  subsequent  cure.  Since 
PCa  is  curable  when  it  is  organ-confined,  but  is  not  easily  curable  when  it  has  spread 
beyond  the  prostate,  prognostic  indicators  of  aggressive  disease  are  essential  for 
increased  survival.  There  are  likely  to  be  a  number  of  genetic  factors  that  together  may 
affect  the  probability  of  development  and  progression  of  PCa.  We  hypothesize  that 
analysis  of  chromosomal  alterations  in  PCa  when  correlated  with  clinical 
parameters  will  provide  a  greater  understanding  of  PCa  oncogenesis  and  tumor 
progression. 

Acquisition  of  genetic  mutations  of  oncogenes  and  tumor  suppressor  genes 
underlie  most  cancers,  and  the  challenge  for  cancer  researchers  is  to  isolate  these 
causative  genes  and  to  determine  their  role  in  the  malignant  process.  There  are  now  many 
examples  of  human  cancers  where  a  molecular  genetic  approach  has  yielded  valuable 
information  that  helps  with  the  management  of  cancer  patients.  Chromosomal  analysis  of 
tumors  has  proven  to  be  the  best  place  to  commence  a  strategy  of  identification  of  genes 
associated  with  specific  tumors.  In  general,  classical  cytogenetic  techniques  have  not 
been  effective  in  detecting  chromosomal  aberrations  in  PCa  due  to  the  intratumor 
heterogeneity,  and  poor  cell  viability  and  chromosome  quality.  This  report  will  address 
our  progress  in  the  context  of  the  ‘Statement  of  work’.  It  will  identify  the  successful 
components  of  this  study  and  will  also  point  out  some  of  the  limitations  of  the  approach 
that  was  originally  proposed  in  our  grant  application  and  indicate  how  we  have  addressed 
some  of  the  difficulties  encountered  in  the  funding  period.  Our  recent  progress  highlights 
how  we  have  addressed  some  of  the  technical  challenges  associated  with  studying  the 
genetic  basis  of  PCa  oncogenesis.  Our  experimental  design  was  based  on  the  assumption 
that  PCa-specific  recurrent  chromosomal  changes  will  lead  to  loss  of  function  of  tumor 
suppressor  gene(s)  and/or  activation  of  oncogenes  and  that  clues  concerning  the  location 
of  such  changes  will  be  detected  by  using  the  most  up  to  date  molecular  cytogenetic 
screening  methods.  Our  experiments  have  focused  on  early  human  PCa  and  on  patient 
cohorts  in  which  we  can  correlate  cytogenetic  findings  with  poor  outcome.  We  believe 
that  identification  of  critical  chromosomal  regions  recurrently  involved  in  PCa  will 
ultimately  lead  to  the  recognition  of  the  key  molecular  pathways  that  will  offer  excellent 
opportunities  for  new  diagnostic  gene-based  testing  and  novel  therapeutic  interventions. 
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BODY: 

Aim  1.  Evidence  for  specific  chromosome  translocation(s)/rearrangement(s)  in 
early  PCa? 

We  were  the  first  group  in  North  America  to  apply  SKY  methodologies  to  PCa  {Mol. 
Diagn.  5:  23  (2000);  Cancer.  Genet.  Cytogenet.  120:50(2000)]  (Appendices  1  and  2).  In 
these  two  papers,  our  SKY  analysis  of  PCa  cell  lines  and  tumor-derived  immortalized 
prostate  epithelial  cell  lines  identified  a  large  number  of  structural  aberrations  suggesting 
there  was  an  underlying  chromosomal  instability  and  subsequent  accumulation  of 
cytogenetic  alterations  that  confer  a  selective  growth  advantage.  We  utilized  a 
combination  of  conventional  and  SKY  techniques  and  allelotype  analysis  (performed  by 
Dr.  Macoska’s  laboratory)  to  assess  numerical  and  structural  chromosomal  alterations. 
These  studies  revealed  trisomy  for  chromosome  20  and  rearrangements  involving 
chromosomes  3,  8,  10,  18,  19,  20  or  21.  Interestingly,  allelotyping  data  disclosed  loss  of 
8p  sequences  in  two  of  the  five  cell  lines,  and  the  spectral  karyotyping  data  revealed  that 
the  loss  of  8p  sequences  in  these  tumor-derived  cell  lines  was  directly  due  to  i(8q) 
chromosome  formation  and/or  other  structural  alterations  of  chromosome  8.  The 
allelotyping  showed  that  molecular  changes  not  apparent  by  cytogenetic  methods  were 
present  in  these  PCa  cell  lines.  This  study  provided  intriguing  evidence  that  8p  loss  in 
human  prostate  tumors  could,  in  some  cases,  result  from  complex  structural 
rearrangements  involving  chromosome  8.  Culture  conditions  developed  in  this  phase  of 
the  study  were  essential  for  in  vitro  growth  of  the  immortalized  PCa  cell  lines  and  short¬ 
term  culture  of  patient  samples. 

To  determine  whether  similar  cytogenetic  aberrations  were  present  in  patient  tumors  we 
have  evaluated  tumor  tissue  derived  from  30  surgical  resections  using  different 
modifications  of  conventional  cytogenetic  methods  for  solid  tumors.  Firstly,  we  varied 
the  eonstituents  of  the  culture  media  using  suggestions  from  Dr.  D.  Peehl  [1]  and 
investigators  working  in  the  laboratory  of  Dr.  S.  Heim  [2].  Secondly,  we  have  used  an 
irradiated  murine  feeder  cell  line  S17  as  a  source  of  paracrine  cytokines  to  stimulate 
epithelial  cell  growth  [3].  While  this  substrate  appeared  to  produce  improved  growth  it 
was  technically  difficult  to  process  additional  quiescent  cells  and  metaphase  preparations 
obtained  from  these  samples  contained  primarily  normal  karyotypes.  However  we 
noticed  that  a  significant  proportion  of  metaphase  cells  had  random  losses  of 
ehromosomes  and  in  the  light  of  the  observations  made  in  Appendices  1  and  2  we  further 
investigated  numerical  cell-to-cell  variation  of  chromosome  8  aneusomy  in  the  LNCaP, 
DU  145,  and  PC-3  cell  lines  and  a  patient  cohort  of  15  PCa  primary  tumors  by  interphase 
fluorescence  in  situ  hybridization  (FISH).  Our  analysis  showed  that  a  high  frequency  of 
numerical  alteration  affecting  chromosome  8  was  present  in  both  in  vitro  and  PCa  tissues. 
In  eomparison  to  normal  controls,  the  patient  cohort  had  a  statistically  significant  (p  < 
0.05)  greater  frequency  of  cells  with  one  and  three  centromere  8  copies.  These  data 
suggest  that  a  chromosomal  instability  (CIN)  process  may  be  contributing  towards  the 
generation  of  de  novo  numerical  and  structural  chromosome  abnormalities  in  PCa 
[Neoplasia  3  No.  1  62-69  (2001)]  (Appendix  3).  Taken  together  with  the  data  presented 
in  Appendices  1  and  2  these  observations  were  consistent  with  a  pattern  of  CIN 
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underlying  tumorigenesis  in  PCa  with  recurrent  submicroscopic  deletions  occurring  on 
the  short  arm  of  chromosome  8. 


Aim  2.  Evidence  for  consistent  predictive  chromosomal  changes  (numerical  and 
structural  gains  and/or  losses)  in  pre-neoplastic  and/or  early  preinvasive  carcinoma 

Concurrently  with  the  above  SKY  and  interphase  FISH  studies  we  have  been 
retrospectively  analyzing  numerical  chromosomal  changes  in  paraffin  sections  by 
interphase  FISH  using  prostate  biopsy  sections  to  determine  levels  of  intratumor 
cytogenetic  heterogeneity  and  to  determine  whether  interphase  FISH  can  be  used  as  an 
additional  predictor  of  increased  risk  of  carcinoma.  It  is  well-established  that  high-grade 
prostrate  intraepithelial  neoplasia  HPIN  is  the  most  likely  precursor  of  PCa.  Many 
patients  with  HPIN  diagnosis  in  a  prostate  needle  core  biopsy,  if  left  untreated  they  will 
progress  to  invasive  cancer.  Currently  there  is  no  available  clinical, 
immunohistochemical  or  morphological  criteria  that  are  predictive  of  this  progression  but 
our  progress  has  allowed  us  to  develop  a  biological  model  to  address  the  early  genetic 
steps  in  the  transition  from  HPIN  to  neoplasia. 

p53  has  been  found  to  be  associated  with  genomic  instability  leading  to  chromosomal 
rearrangement,  which  in  turn  has  been  demonstrated  as  a  feature  of  many  neoplastic  and 
preneoplastic  (dysplastic)  human  epithelia.  The  transition  from  preinvasive  disease  to 
invasive  carcinoma  was  shown  to  be  associated  with  changes  in  the  number  of 
chromosome  copy  and  that  coincide  with  the  loss  of  TP53  function.  Whether  there  is  a 
role  of  CIN  in  the  progression  of  HPIN  foci  to  invasive  cancer  and  whether  is  that 
influenced  by  heterogeneity  in  the  p53  expression  between  different  HPIN  foci  is  still 
unknown.  p53  mutation  has  been  shown  to  be  associated  with  CIN  in  many  human 
dysplastic  and  neoplastic  lesions.  However  the  precise  role  of  p53  in  the  pathogenesis  of 
PCa  is  unknown.  In  this  component  of  our  study  we  used  topographic  analysis  of  p53 
alteration  using  immunohistochemistry  on  35  archived  prostatectomy  specimens 
containing  PCa  foci;  high-grade  prostrate  intraepithelial  neoplasia  (HPIN)  foci 
intermingled  with  cancer  (HPINI)  and  foci  situated  away  (HPINA).  Specimens  from  2 
patients  were  topographically  genotyped  using  laser  capture  microdissection,  PCR 
amplification  and  direct  sequencing  of  p53  exons  5-9.  Cl  was  evaluated  in  the  same 
tissue  foci  by  interphase  in  situ  hybridization  using  centromere  probes  for  chromosome  7, 
8  and  Y.  p53  immunoreactivity  was  found  in  20%,  17%,  0%,  and  0%  in  PCa,  HPINI, 
HPINA,  and  benign  epithelium  respectively.  p53  molecular  analysis  in  the  specimens 
examined  confirmed  the  IHC  findings,  interphase  FISH  revealed  numerical  chromosomal 
alterations  in  keeping  with  CIN  in  71%  and  25%  of  p53-i-ve  and  p53-ve  PCa  respectively 
(P=0.1),  67%  and  0%  of  p53-fve  and  p53-ve  HPIN  respectively  (P<0.02)  and  in  27%  and 
0%  of  HPINI  and  HPINA  respectively.  We  concluded  that  p53  mutation  is  an  early 
change  in  at  least  a  subset  of  PCa.  HPINI  foci  tend  to  have  higher  overall  p53 
immunoreactivity  and  CIN  than  HPINA.  The  presence  of  p53  mutation  in  HPIN  was 
associated  with  the  presence  of  CIN  as  determined  by  interphase  FISH.  Our  study  also 
provided  additional  evidence  in  support  of  the  concept  that  HPIN  might  be  the  earliest 
precursor  of  cancer.  Furthermore  our  studies  identify  genomic  similarities  in  HPINI  and 
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PCa,  implying  that  carcinoma  may  arise  from  progression  of  certain  HPIN  foci  that  most 
likely  harbor  p53  mutation  and/or  more  CIN  [accepted  in  Arch.  Path,  pending  minor 
revisions]  (Appendix  4). 

To  determine  whether  chromosomal  changes  in  these  precursor  lesions  could  increase  its 
predictive  value  an  interphase  in  situ  hybridization  analysis  was  performed  on  archived 
prostate  needle  core  biopsies  from  54  patients  with  initial  diagnosis  of  isolated  HPIN  and 
follow-up  of  3  years  or  more.  We  utilized  commercially  available  centromere  probes  for 
chromosomes  4,  7,  8,  10.  We  had  interpretable  results  in  44  patents  as  follows:  1)  group 
A:  24  HPIN  patients  with  persistent  HPIN  and/or  benign  lesions  in  the  follow-up 
biopsies,  and  2)  group  B:  20  HPIN  patients  with  progression  to  prostate  carcinoma. 
Twenty  five  percent  of  the  patients  in  group  B  displayed  numerical  chromosomal 
aberrations.  Only  8.3  %  of  the  patients  from  group  A  had  chromosomal  abnormalities 
(P=0.1).  The  overall  chromosomal  changes  in  HPIN  were  higher  than  normal  or 
hyperplastic  epithelium  with  statistically  significant  difference  (P<0.05).  All  aberrations 
were  detected  in  the  form  of  chromosomal  gain.  Overall,  the  commonest  aberration  was 
gain  of  chromosome  8,  followed  by  gains  of  chromosomes  7  and  10.  These  results 
indicated  that  while  no  single  numeric  chromosomal  abnormality  could  be  assigned  as  a 
predictor  of  HPIN  progression  to  carcinoma,  the  overall  level  of  numeric  chromosomal 
abnormalities  show  a  trend  of  elevation  in  HPIN  patients  that  subsequently  progressed  to 
carcinoma  [accepted  in  Modern  Pathology  pending  minor  revisions]  (Appendix  5).  Taken 
together  the  results  of  Appendices  4  and  5  are  also  important  mechanistically  since  they 
suggest  that  CIN  is  more  common  in  HPIN  foci  that  progress  to  and/or  are  situated 
adjacent  to  carcinoma  foci  and  that  p53  mutation  associated  with  HPIN  was  more  likely 
to  lead  to  CIN  developing. 

The  overall  molecular  approach  that  we  are  taking  to  study  HPIN  in  PCa  is  reviewed  in 
Appendix  6.  In  the  initial  phase  of  this  study  we  applied  comparative  genomic 
hybridization  (CGH)  and  interphase  FISH  to  twenty  one  early  stage  pTl/pT2  PCa 
specimens  in  order  to:  1)  evaluate  the  utility  of  CGH  for  examining  bulk-extracted 
genomic  DNA  from  early  stage  PCa  specimens;  2)  identify  all  regions  of  chromosomal 
gain  and  loss  present  in  each  patient  sample;  3)  determine  whether  there  are  any 
consistent  genomic  dosage  changes,  common  to  the  patient  cohort;  and  4)  verify  any 
aberrations  found  by  CGH  using  interphase  FISH.  To  investigate  the  effect  of  tumor 
heterogeneity  on  the  analysis  of  genomic  aberration,  we  compared  the  results  of  CGH 
analysis  using  DNA  extracted  from  tumor  bulk,  against  that  of  DNA  amplified  by 
degenerate  oligonucleotide  primed  PCR  (DOP-PCR)  from  homogeneous  cell  population 
obtained  by  laser  capture  microdissection  of  discrete,  individual  tumor  foci.  Sampling  by 
microdissection,  positive  aberrations  were  observed  in  3  of  3  foci  of  carcinoma  involved 
with  prostatic  capsule,  and  in  2  of  3  HPIN  foci  examined.  Carcinoma  foci  consistently 
exhibited  more  extensive  aberrations  than  the  HPIN  samples  obtained  from  the  same 
tumor.  Microfoci  of  epithelial  acini  from  the  same  tumour,  separated  by  no  more  than 
3mm  exhibit  significantly  different  CGH  profiles,  indicating  high  extent  of  CIN  within 
PCa  tumours.  Between  the  different  tumor  samples,  gain  of  8q  was  the  only  consistent 
feature  while  HPIN  showed  no  consistent  aberration.  Using  bulk  extracted  DNA,  CGH 
detected  aberrations  in  only  3  of  the  21  samples  interrogated,  despite  the  known  trisomy 
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8  status,  as  revealed  by  FISH.  The  results  presented  in  Appendix  7  [currently  under 
review  in  Prostate]  demonstrate  that  CGH  analysis  using  bulk  dissected  fresh  tissue  is 
not  sufficiently  sensitive  to  fully  detect  the  chromosomal  numerical  aberrations  in  PCa. 
Given  the  considerable  intratumor  genomic  heterogeneity,  CGH  in  conjunction  with 
microdissection  and  DOP-PCR  amplification  provides  a  more  complete  repertoire  of 
aberrations  as  well  as  a  better  phenotype-genotype  correlation  in  prostate  tumors. 


Aim  3.  Positional  mapping  to  identify  putative  candidate  genes,  which  may  he 
useful  as  prognostic  indicators  of  early  disease. 

Aims  1  and  2  of  our  research  program  drew  attention  to  the  importance  of  microdeletions 
and  LOH  implicating  and  localizing  the  regions  containing  candidate  tumor  suppressor 
genes  on  the  short  arm  of  chromosome  8.  In  addition  they  highlighted  the  need  to  use 
laser  capture  microdissection  to  obtain  purer  populations  of  homogeneous  tissue  so  that 
the  earliest  genetic  alterations  associated  with  PCa  can  be  clearly  resolved.  Our  model 
does  not  support  the  idea  that  recurrent  chromosomal  translocations  are  involved  in  PCa 
(one  component  of  our  original  hypothesis).  Thus  rather  than  use  large  YACs  to  detect 
genomic  disruption  (as  originally  proposed)  we  have  used  microarray  CGH  from  the 
short  arm  of  human  chromosome  8  to  detect  by  high  resolution  the  precise  location  of 
deletions  in  PCa  DNA  originally  identified  in  Aims  1  and  2  by  conventional 
‘chromosome  CGH’. 

The  reason  we  chose  to  use  microarray  methods  is  because  recent  significant  advances  in 
microarray  technology  have  circumvented  some  of  the  resolution  limitations  we 
experienced  with  chromosome  target  CGH.  An  emerging  platform  that  addresses  the 
shortcomings  of  chromosome  CGH  couples  the  technique  to  microarray  expression 
technology,  and  is  generally  referred  to  as  “array  CGH”.  Instead  of  using  chromosome 
targets,  CGH  is  applied  to  arrayed  short  DNA  sequence  targets  bound  to  glass  slides  thus 
significantly  increasing  resolution  for  localizing  regions  of  imbalance.  To  date,  several 
other  groups  have  published  results  using  array  CGH.  Pinkel  et  al.  [4]  detected  genomic 
imbalances  within  a  sub-band  of  chromosome  20  in  breast  cancer,  that  had  failed  to  be 
observed  using  chromosome  CGH.  In  another  study,  array  CGH  was  used  to  examine 
neurofibromatosis  type  2  (NF2)  patients  and  determined  the  extent  and  frequency  of 
deletions  around  the  NF2  locus  on  chromosome  22q  [5].  Further  refinements  have 
permitted  retrospective  analysis  using  genomic  DNA  from  archival  samples  as  we  are 
doing  in  this  study.  Daigo  et  al.  have  adapted  array  CGH  for  amplicon  profiling  of 
formalin-fixed  paraffin-embedded  tumour  samples  [6],  using  DOP-  PCR  for  whole 
genome  amplification  of  the  extracted  DNA. 

At  present,  we  are  constructing  a  genomic  DNA  tiling  path  along  chromosome  8p23  to 
identify  copy  number  changes  by  array  CGH  experiments.  This  region  of  the  genome  is 
highly  pertinent  to  PCa  for  two  reasons:  1)  Previous  publications  [7-10]  have  mapped  a 
homozygous  deletion  in  this  region,  suggesting  the  presence  of  a  tumor  suppressor 
gene(s);  and  2)  this  region  is  poorly  characterised,  as  there  are  30-40  in  silico  predicted 
genes  from  the  Human  Genome  Project  (see  Table  1  below)  with  no  ascribed  function  or 
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with  a  postulated  function  based  on  homology.  Currently,  our  genomic  array  is  derived 
from  129  bacterial  artificial  chromosomes  (BACs)  that  cover  approximately  13  Mb  from 
the  telomere  of  chromosome  8  (8pter)  to  cytoband  8p22.  These  BACs  were  identified 
using  the  Map  Viewer  resource  at  the  NCBI  (http://www.ncbi.nlm.nih.gov/cgi- 
bin/Entrez/hum  srchT  Genomic  DNA  from  BACs  derived  from  chromosomes  3,  2p24 
(MYCN),  8q,  11,  X,  and  Y  will  also  be  included  onto  the  array  and  will  serve  as  controls. 
After  the  BACs  were  obtained  from  the  RPCI-11  library,  genomic  DNA  was  extracted 
using  a  mini  prep  kit,  column  purified,  followed  by  two  rounds  of  whole-genome 
amplification  using  degenerate  oligonucleotide  primed-PCR  (DOP-PCR),  and  finally 
spotted  onto  glass  slides.  We  are  using  protocols  similar  to  those  described  in  Appendix 
8  [from  "Molecular  Cytogenetics:  Protocols  and  Applications"  Humana  Press  (to  be 
published  2002)  chapter  called  “Microarray  CG//”]  for  performing  array  CGH.  While 
we  are  presently  optimizing  the  technique  with  control  samples  having  known  copy 
number  changes,  our  end  goal  is  to  examine  DNA  extracted  from  microdissected  DOP- 
PCR  patient  tumors  to  eventually  identify  progression  prognosticators.  Concurrently,  we 
have  developed  custom  softwares  for  normalizing  and  analyzing  microarray  results. 
During  analysis  of  array  CGH  results,  we  will  recognize  submicroscopic  deletions  by  a 
normalized  fluorescence  signal  decrease  to  ~  0.5-0. 6  by  ratio  analysis.  Bioinformatics 
sequence  analyses  of  this  region,  including  in  silico  screening  of  prostate  expression 
libraries,  will  complement  the  array  CGH  to  provide  supporting  evidence  for  genes  of 
interest.  To  confirm  such  deletions  we  will  use  genomic  probes  that  map  to  the  deleted 
region(s)  of  chromosome  8  for  direct  FISH  analysis  of  paraffin  sections.  We  anticipate 
being  in  a  strong  position  to  localize  the  region(s)  and  gene(s)  involved  in  the 
development  of  PCa  and  poor  disease  outcome  as  this  research  program  continues.  An 
example  of  the  results  we  have  obtained  using  cDNA  array  targets  (methods  described  in 
Appendix  8)  and  characterizing  genomic  imbalance  of  chromosome  8  is  shown  below  in 
Figure  1. 


II  H  111  III 


Figure  1  Array  CGH  analysis  of 
gain  of  chromosome  8.  In  this 
analysis  the  increased  resolution 
of  copy  number  imbalance  using 
cDNA  microarrays  is  well  illustrated. 
In  Appendix  8  of  this  progress 
report  the  application  of  airay  CGH 
is  reviewed.  This  approach  is  being 
used  to  localise  chromosomal  losses 
in  band  8p23  (D8S1781-D8S262)  to 
determine  the  minimal  region  that 
contains  a  PCa-specific  tumor 
suppressor  gene. 
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Gene  Symbol  band 


LOC91979 


LOC91980 


LOC91981 


FLJ12847 


LOC90913 


23.3 


23.3 


23.3 


23.2 


23.2 


8p23.1 


LOC90912 


LOC82134 


LOC91819 


LOC91048 


LOC91049 


LOC90448 


LOC90449 


LOC90453 


LOC90454 


MGC16279 


LOC90455 


LOC90456 


LOC90459 


DKFZP434K 

171 


LOC90823 


MGC 10442 


LOC92938 


LOC92939 


LOC90911 


LOC91782 


PRO  1496 


LOC51312 


PRO  1584 


KIAA0717 


KIAA0062 


LOC59346 


FLJ10351 


FLJ14107 


LOC57805 


FLJ11125 


FLJ21801  8p22 

FLJ22494  8p22 

Table  1.  Gene  and  their 
by  our  array,  from  8pter  - 


8p23.1 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

8p23.1 

8p23.1 

Megabase 

from 

Telomere 

(Mb) 

0.1 


0.2 


0.25 


5.2 


Sequence  containing  defensin,  alpha  1, 
myeloid-related  regions 


Low  similarity  to  a  region  of  myotubalarins 


Non-receptor  protein  tyrosine  kinase  with 
SH3  and  SH2  domains 


?;  protein  exists 


Mitochondrial  solute  carrier 


?;  protein  exists 


+  Ras-like  gene 


?;  protein  exists 


LIM  protein  mystique 


Highly  similar  to  PIW1\  may  be  required  for 
germ-line  stem  cell  diyision 


_ ?;  protein  exists _ 


30  DBG  protein 


?;  protein  exists 


12.95 _ + _ ?;  protein  exists _ 

_ 13 _ _ ; _ _ ?;  protein  exists _ 

putatiye  function  (if  known)  predicted  to  be  in  the  13  Mb  region  coyered 
-  8p22  (source:  http://www.ncbi.nlm.nih.goy/cgi-bin/Entrez/hum  srch). 
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The  size  of  biological  samples  obtained  from  PCa  biopsies  is,  in  most  cases,  very  limited, 
particularly  when  obtained  by  fine  needle  biopsies  or  laser-capture  microdissection,  and 
therefore  acquiring  sufficient  amounts  of  RNA  to  carry  out  subsequent  expression 
analyses  and  mutational  studies  of  the  above  candidate  genes  could  be  problematic.  We 
have  therefore  used  modified  cDNA  synthesis  approach  to  generate,  directly  during  the 
PCR  step,  fluorescently  labeled  probes  immediately  usable  for  cDNA  microarray 
hybridization  expression  analysis.  Our  statistical  analysis  of  gene  expression  using 
microarray  analysis  demonstrated  the  fidelity  of  this  new  amplification/labeling  approach 
to  that  of  the  standard  T7-amplification  method  {manuscript  in  preparation)  and  indicate 
that  we  will  be  able  to  continue  our  analysis  of  patient  samples  at  both  the  DNA  and 
RNA  level  as  we  search  for  candidate  genes  in  these  regions  of  chromosome  8p.  This 
research  work  was  recently  an  invited  platform  presentation  at  the  NIH  annual  laser 
capture  microdissection  meeting  in  Washington  DC. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  First  SKY  paper  analyzing  PCa  (selected  as  the  cover  feature  for  the  issue). 

•  First  delineation  of  chromosome  8  alterations  by  SKY  in  PCa  cell  lines. 

•  Optimization  of  in  vitro  conditions  for  short-term  culture  and  SKY  analysis  of 
patient  PCa  tissue. 

•  Characterization  of  CIN  phenotype  in  PCa  cell  lines  and  patient  samples  and 
development  of  a  model  to  explain  the  differential  rate  of  CIN  in  vitro. 

•  Identified  p53  mutation  as  an  early  change  in  a  subset  of  PCa.  HPIN  close  to 
invasive  foci  of  carcinoma  tend  to  have  higher  overall  p53  immunoreactivity  and 
elevated  level  of  CIN  compared  to  HPIN  away  from  carcinoma. 

•  The  presence  of  p53  mutation  in  HPIN  was  associated  with  the  presence  of  CIN  as 
determined  by  interphase  FISH. 

•  Our  studies  provided  additional  evidence  in  support  of  the  concept  that  HPIN  might 
be  the  earliest  precursor  of  cancer. 

•  Our  work  identified  genomic  similarities  in  HPIN  close  to  invasive  careinoma  and  in 
the  PCa  tumor  implying  that  carcinoma  may  arise  from  progression  of  certain  HPIN 
foci  that  most  likely  harbor  p53  mutation  and/or  elevated  CIN. 

•  Interphase  FISH  analysis  of  HPIN  indicated  that  while  no  single  numeric 
chromosomal  abnormality  could  be  assigned  as  a  predictor  of  HPIN  progression  to 
carcinoma,  the  overall  level  of  numeric  chromosomal  abnormalities  show  a  trend  of 
elevation  in  HPIN  patients  that  subsequently  progressed  to  carcinoma. 

•  Development  of  a  model  that  indicates  that  CIN  is  more  common  in  HPIN  foci  that 
progress  to  and/or  are  situated  adjacent  to  carcinoma  foci,  and  that  p53  mutation 
associated  with  HPIN  was  more  likely  to  lead  to  developing  CIN. 

•  CGH  analysis  of  PCa  patient  tumors  identifies  a  low  frequency  of  chromosomal 
copy  number  aberration  in  bulk-extraeted  tissue. 

•  Development  of  laser  capture  microdissection  and  DOP-PCR  methods  for  CGH 
analysis  of  tumor  mierofoci. 
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•  Development  of  glass  slide-based  microarray  for  analysis  of  gene  copy  number  and 
expression  by  CGH. 

•  Development  of  RNA  amplification  methods  following  laser  capture  microdissection 
for  gene  expression  analysis. 

REPORTABLE  OUTCOMES: 

•  3  papers  published  (Appendices  1-3) 

•  2  papers  accepted  pending  minor  revisions  (Appendices  4-5) 

•  1  paper  in  press  (Appendix  6) 

•  1  paper  under  review  (Appendix  7) 

•  1  invited  chapter  review  (Appendix  8) 

•  14  abstracts. 

•  Three  graduate  students  are  working  on  this  project.  Dr.  Jaudah  Al-Maghrabi  is  a 
M.D.  Pathologist  on  a  training  fellowship  from  Saudi  Arabia.  He  completed  his 
M.Sc.  based  on  the  data  presented  in  Appendices  4  and  5  in  December  2000.  His 
fellowship  support  derived  from  Saudi  Arabia. 

•  Ben  Beheshti  recently  reclassified  to  become  a  predoctoral  student.  His  student 
stipend  is  supported  by  the  Paul  Starita  Fellowship  and  University  of  Toronto  Open 
Scholarships. 

•  Bisera  Vukovic  is  a  new  PhD  student  who  is  supported  by  an  NCIC  prostate  cancer 
studentship.  Her  thesis  work  that  has  developed  directly  from  the  discoveries  made 
by  this  project  and  it  centers  on  the  role  of  telomere  erosion  in  eliciting  the  genomic 
instability  associated  with  early  HPIN  lesions  in  PCa. 

•  Dr.  Paul  Park  derived  part  of  his  stipend  from  the  American  Foundation  for 
Urological  Diseases.  Dr.  Park  is  the  first  Canadian  to  receive  an  AFUD  scholarship 
award  for  his  work  on  prostate  cancer.  He  is  now  training  to  be  a  clinician  scientist 
at  the  University  of  Toronto. 

•  Development  of  chromosome  8  EST  database  for  gene  discovery/  LOH  analysis. 

•  Co-op  training  BSc  Rotation  student  third  year  from  University  of  Waterloo,  London 
Ontario.  Craig  Platt.  Working  with  Ben  Beheshti  on  CGH  Analysis  of  prostate 
cancer  cell  line  and  tumours  using  high  density  EST  microarray.  April  200-August 
2000. 

•  Successful  grant  application  to  National  Cancer  Institute  of  Canada  (NCIC)  for 
research  funding  of  microarray  analysis  to  detect  prognostic  differential  gene 
expression  in  PCa. 

•  Co-op  training  BSc  Rotation  student  third  year  from  University  of  Waterloo,  London 
Ontario.  Karen  Kwon.  Working  with  Ben  Beheshti  on  CGH  Analysis  of  prostate 
cancer  cell  line  and  tumours  using  high  density  EST  microarray.  September  2000- 
December  2000. 

•  Co- Applicant  of  successful  grant  application  to  NCIC  for  research  grant  supporting 
National  Network  of  Prostate  Cancer  researchers  in  Canada  for  more  effective 
utilization  of  resources  and  infrastructure. 

•  Co-Applicant  of  successful  grant  application  to  NCIC  to  support  research  training  in 
prostate  cancer. 
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Two  month  academic  research  visit  from  Dr.  Monica  Nunes  (University  of  Sao 
Paulo)  to  study  HPIN  in  PCa. 

Development  of  collaboration  with  Dr.  J.  Macoska  for  8p  allelotyping 
Co-op  training  BSc  Rotation  student  third  year  from  University  of  Waterloo,  London 
Ontario.  Ilan  Braude.  Working  with  Ben  Beheshti  on  CGH  Analysis  of  prostate 
cancer  cell  line  and  tumours  using  high  density  EST  microarray.  January  2001- 
August  2001. 


CONCLUSIONS: 

Our  studies  have  demonstrated  the  value  of  using  the  most  sensitive  molecular 
cytogenetic  LOH  detection  methods  to  study  DNA  alterations  in  early  PCa  lesions.  SKY 
has  shown  that  long-term  cell  lines  have  a  much  greater  complexity  of  aberration  than 
short-term  cultures.  This  study  provided  evidence  that  8p  loss  in  human  prostate  tumors 
could,  in  some  cases,  result  from  complex  structural  rearrangements  involving 
chromosome  8.  We  detected  a  high  frequency  of  numerical  alteration  affecting 
chromosome  8  by  interphase  FISH  was  present  in  both  in  vitro  and  PCa  tissues.  In 
comparison  to  normal  controls,  the  patient  cohort  had  a  statistically  significant  (p  <  0.05) 
greater  frequency  of  cells  with  one  and  three  centromere  8  copies.  The  results  of  our  first 
Aim  were  consistent  with  a  pattern  of  CIN  underlying  tumorigenesis  in  PCa  with 
recurrent  submicroscopic  deletions  occurring  on  the  short  arm  of  chromosome  8. 

We  also  concluded  that  p53  mutation  is  an  early  change  in  at  least  a  subset  of  PCa.  HPIN 
situated  near  invasive  foci  tend  to  have  higher  overall  p53  immunoreactivity  and  CIN 
than  HPIN  situated  away  from  carcinoma.  The  presence  of  p53  mutation  in  HPIN  was 
associated  with  the  presence  of  CIN  as  determined  by  interphase  FISH.  Our  study  also 
provided  additional  evidence  in  support  of  the  concept  that  HPIN  might  be  the  earliest 
precursor  of  cancer.  Furthermore  our  studies  identify  genomic  similarities  in  HPIN  close 
to  invasive  carcinoma  and  PCa,  implying  that  carcinoma  may  arise  from  progression  of 
certain  HPIN  foci  that  most  likely  harbor  p53  mutation  and/or  more  CIN.  Our  interphase 
FISH  results  indicated  that  while  no  single  numeric  chromosomal  abnormality  could  be 
assigned  as  a  predictor  of  HPIN  progression  to  carcinoma,  the  overall  level  of  numeric 
chromosomal  abnormalities  show  a  trend  of  elevation  in  HPIN  patients  that  subsequently 
progressed  to  carcinoma.  These  findings  are  also  important  mechanistically  since  they 
suggest  that  CIN  is  more  common  in  HPIN  foci  that  progress  to  and/or  are  situated 
adjacent  to  carcinoma  foci  and  that  p53  mutation  associated  with  HPIN  was  more  likely 
to  lead  to  CIN  developing.  In  addition  the  results  indicate  that  laser  capture 
microdissection  is  the  best  way  to  obtain  homogeneous  nucleic  acid  for  further  study  to 
better  understand  early  genetic  changes  in  PCa.  In  the  latter  phase  of  Aim  2  we 
demonstrated  that  CGH  analysis  using  bulk  dissected  fresh  tissue  was  not  sufficiently 
sensitive  to  fully  detect  the  chromosomal  numerical  aberrations  in  PCa.  Given  the 
considerable  intratumor  genomic  heterogeneity,  CGH  in  conjunction  with 
microdissection  and  DOP-PCR  amplification  provides  a  more  complete  repertoire  of 
aberrations  as  well  as  a  better  phenotype-genotype  correlation  in  prostate  tumors. 


11 


DAMD 17-99- 1-9025: 


J.  A.  SQUIRE 


In  Aim  1  we  found  that  some  deletions  of  chromosome  arm  8p  will  be  submicroscopic 
since  they  are  apparent  by  molecular  analysis  such  as  LOH  but  by  cytogenetic  methods 
cannot  be  seen.  We  have  therefore  developed  high-resolution  CGH  microarrays  as  part  of 
the  second  phase  of  this  work  to  characterize  the  copy  number  from  the  telomere  of 
chromosome  (8pter)  to  band  8p22  using  DNA  extracted  from  microdissected  DOP-PCR 
patient  tumors.  Our  genomic  array  currently  has  129  BACs  that  cover  approximately  13 
Mb  almost  contiguously,  starting  from  the  telomere  of  chromosome  8p.  At  present,  it  is 
clear  that  this  region  has  many  uncharacterized  genes  that  are  of  interest  to  cancer 
research.  Together  with  our  bioinformatics  analyses  of  this  region,  our  array  CGH 
approach  will  aid  in  tumor  suppressor  gene(s)  discovery  that  may  eventually  be  used  as 
prognostic  markers  of  PCa  progression. 
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Background:  Currently,  prostate  cancer  (CaP)  cytogenetics  is  not  well  defined, 
largely  because  of  technical  difficulties  in  obtaining  primary  tumor  metaphases. 
Methods  and  Results:  We  examined  three  CaP  cell  lines  (LNCaP,  DU145,  PC-3) 
using  sequential  Giemsa  banding  and  spectral  karyotyping  (SKY)  to  search  for  a 
common  structural  aberration  or  translocation  breakpoint.  No  consistent  rearrange¬ 
ment  common  to  all  three  cell  lines  was  detected.  A  clustering  of  centromeric 
translocation  breakpoints  was  detected  in  chromosomes  4,  5,  6,  8,  1 1,  12,  14,  and  15 
in  DU  145  and  PC-3.  Both  these  lines  were  found  to  have  karyotypes  with  a  greater 
level  of  complexity  than  LNCaP. 

Conclusion:  The  large  number  of  structural  aberrations  present  in  DU145  and  PC-3 
implicate  an  underlying  chromosomal  instability  and  subsequent  accumulation  of 
cytogenetic  alterations  that  confer  a  selective  growth  advantage.  The  high  frequency 
of  centromeric  rearrangements  in  these  lines  indicates  a  potential  role  for  mitotic 
irregularities  associated  with  the  centromere  in  CaP  tumorigenesis. 
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Prostate  cancer  (CaP)  has  the  leading  incidence 
of  cancer  and  is  the  second  most  common  cause  of 
cancer  mortality  in  men  in  North  America  [1]. 
However,  our  understanding  of  the  molecular  ge¬ 
netic  changes  that  underlie  the  progression  of  this 
disease  remains  at  an  early  stage.  Because  it  is  well 
known  that  chromosomal  translocation  can  lead  to 
disruption  of  tumor-suppressor  gene  function,  as 
well  as  activation  of  proto-oncogenes  [2],  the  iden¬ 
tification  of  such  rearrangements  is  a  critical  step 
toward  understanding  the  development  of  this  tu¬ 
mor.  There  are  numerous  examples  in  leukemias 
and  soft-tissue  sarcomas  in  which  detailed  cytoge- 
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netic  analysis  has  identified  consistent  chromoso¬ 
mal  aberrations  leading  to  the  isolation  of  causative 
genes  [3,4]. 

The  cytogenetics  of  solid  tumors  has  been  ham¬ 
pered  in  comparison  to  that  of  hematologic  malig¬ 
nancies  because  of  poor  success  in  short-term  cul¬ 
ture  and  inadequate  representative  metaphase 
spreads  of  good  quality.  CaP  has  been  particularly 
problematic  in  this  regard  because  the  tumor  is  slow 
growing,  with  a  low  mitotic  index,  and  conse¬ 
quently  there  is  a  greater  risk  that  normal  stromal 
cell  overgrowth  will  occur  within  a  short  duration 
of  culture  [5-7].  To  circumvent  some  of  these  dif¬ 
ficulties,  a  variety  of  different  tissue  culture  proto¬ 
cols  have  been  implemented,  including  selection  in 
favor  of  tumor  cells  and  against  normal  cell  over¬ 
growth  [8-12].  Using  such  procedures,  a  number  of 
consistent  cytogenetic  alterations  have  been  identi¬ 
fied,  generally  affecting  chromosomes  7,  8,  10,  and 
Y  [5,13-15].  Nevertheless,  no  consistent  structural 
chromosome  aberrations  have  been  identified  in 
CaP,  and  it  remains  conceivable  that  technical  limi¬ 
tations  on  the  quality  of  the  cytogenetic  prepara¬ 
tions  derived  from  primary  tumor  material  have 
precluded  identification  of  causative  structural 
chromosomal  alterations  in  this  tumor. 

In  light  of  these  difficulties,  the  detailed  study  of 
CaP  cell  lines  has  provided  some  insight  into  the 
progression  of  the  disease,  and  classic  Giemsa 
banding  (G-banding)  analysis  of  three  of  the  com¬ 
monly  studied  CaP  cell  lines,  LNCaP,  DU  145,  and 
PC-3,  has  provided  useful  information  on  the  extent 
of  cytogenetic  change  and  karyotype  evolution  [16- 
19].  Cytogenetic  analysis  of  LNCaP  using  standard 
G-banding  methods  showed  a  relatively  simple 
karyotype  involving  one  reciprocal  and  one  nonre¬ 
ciprocal  translocation  and  three  deletions  [17].  The 
t(6;16)(p21;q22)  translocation  was  recently  shown 
to  result  in  the  production  of  a  novel  chimeric  fu¬ 
sion  transcript,  Tpc-Hpr,  that  is  believed  to  interfere 
with  normal  ribosomal  function  [20].  This  translo¬ 
cation  appears  to  be  an  isolated  finding  because 
neither  DU145  nor  PC-3  has  this  rearrangement. 
However,  both  these  lines  have  highly  aberrant 
karyotypes  in  comparison  to  LNCaP  and  show 
many  marker  chromosomes  and  complex  rearrange¬ 
ments  with  compound  regions  that  cannot  be  iden¬ 
tified  by  G-banding  [18,19].  Although  the  use  of 
chromosome  painting  has  helped  in  the  identifica¬ 
tion  of  some  of  the  complex  marker  chromosomes 
in  these  two  cell  lines,  the  origin(s)  of  many  of  these 


highly  abnormal  chromosomes  remains  unknown 

[21]. 

To  more  accurately  define  the  karyotypes  of 
these  three  cell  lines,  we  used  the  new  technique  of 
spectral  karyotyping  (SKY)  in  combination  with  G- 
banding.  SKY  is  a  24-color  fluorescence  in  situ 
hybridization  (FISH)  approach  that  uniquely  iden¬ 
tifies  each  chromosome  based  on  its  specific  spec¬ 
tral  color  composition  [22],  and  the  technique  al¬ 
lows  for  the  unambiguous  identification  of  indi¬ 
vidual  chromosome  fragments  involved  in  complex 
chromosomal  rearrangements  and  marker  chromo¬ 
somes.  By  analyzing  SKY  results  in  conjunction 
with  the  findings  from  conventional  G-banding  us¬ 
ing  the  same  metaphase  spread,  it  is  possible  to 
identify  individual  regions  of  specific  chromosomes 
and  accurately  define  all  structural  rearrangements 
present. 

In  this  study,  we  applied  sequential  G-banding 
and  SKY  to  the  three  CaP  cell  lines,  LNCaP, 
DU145,  and  PC-3,  to  (1)  search  for  all  previously 
unidentified  structural  chromosomal  rearrange¬ 
ments  in  each  cell  line,  (2)  determine  if  there  are 
consistent  rearrangements  or  cryptic  or  masked 
chromosomal  changes  common  to  all  three  cell 
lines,  and  (3)  fully  characterize  the  more  complex 
chromosomal  rearrangements  present  in  DU  145 
and  PC-3. 

Materials  and  Methods 

Tissue  Culture  and 
Cytogenetic  Preparations 

LNCaP  (CRL-1740),  DU145  (HTB-81),  and 
PC-3  (CRL-1435)  were  obtained  from  the  Ameri¬ 
can  Type  Culture  Collection  (Rockville,  MD). 
LNCaP,  an  androgen-dependent  cell  line  originat¬ 
ing  from  a  lymph  node  metastasis  [16,23],  was 
grown  in  RPMI  1640  with  2  mM  L-glutamine,  1.5 
g/L  sodium  bicarbonate,  4.5  g/L  glucose,  10  mM 
HEPES,  1.0  mM  sodium  pyruvate,  and  10%  fetal 
bovine  serum.  DU145,  an  androgen-independent 
cell  line  obtained  from  a  metastasis  to  the  bone  [18], 
was  grown  in  F15K  minimum  essential  medium 
with  1.5  g/L  sodium  bicarbonate  and  10%  fetal  bo¬ 
vine  serum.  PC-3,  also  an  androgen-independent 
cell  line  and  originated  from  a  brain  metastasis  [19], 
was  grown  in  Ham’s  F12K  with  2  mM  L-glutamine, 
1.5  g/L  sodium  bicarbonate,  and  10%  fetal  bovine 
serum. 

Cytogenetic  preparations  of  LNCaP  (passage 
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23),  DU  145  (passage  83),  and  PC-3  (passage  38) 
were  made  according  to  standard  protocols  [24]  us¬ 
ing  colcemid  and  KCl  hypotonic  treatment.  The 
slides  were  karyotyped  following  a  standard  G- 
banding  protocol  [24],  and  images  of  10  metaphases 
in  which  there  was  minimal  chromosome  overlap, 
long  chromosome  length,  little  or  no  cytoplasm,  and 
high  banding  resolution  were  selected  for  detailed 
analysis.  Microscope  coordinates  of  all  digitized  G- 
banded  preparations  were  recorded  so  the  meta¬ 
phase  cells  analyzed  by  G-banding  could  be  ana¬ 
lyzed  concurrently  by  SKY  methods. 

SKY 

The  SKY  KIT  probe  cocktail  from  Applied  Spec¬ 
tral  Imaging  (Carlsbad,  CA)  was  hybridized  to  met¬ 
aphase  spreads  from  each  CaP  cell  line  according  to 
standard  protocols  [22,25,26]  and  the  manufactur¬ 
er’s  instructions.  Briefly,  after  destaining  the  G- 
banded  slides  with  methanol  for  10  minutes,  the 
slides  were  rehydrated  in  a  descending  ethyl  alcohol 
series  (100%,  90%,  70%)  and  fixed  with  1%  form¬ 
aldehyde  in  50  mM  MgCl2/phosphate  buffer  solu¬ 
tion  for  10  minutes.  The  slides  were  then  dehy¬ 
drated  using  an  ascending  ethyl  alcohol  series  and 
denatured  for  30  to  45  seconds  in  70%  formamide/ 
2xSSC  at  75°C.  The  SKY  probe  was  denatured  for 
7  minutes  at  75°C,  reannealed  at  37°C  for  1  hour, 
placed  on  the  slide,  and  covered  with  a  glass  cov- 
erslip.  The  coverslip  was  sealed  with  rubber  cement 
and  the  slides  placed  in  a  damp  container  in  a  37°C 
incubator.  After  hybridizing  overnight,  the  posthy¬ 
bridization  washes  were  performed  per  manufactur¬ 
er’s  instructions  (Applied  Spectral  Imaging). 

The  metaphase  images  were  captured  using  an 
SD  200  spectral  bioimaging  system  (Applied  Spec¬ 
tral  Imaging  Ltd,  MigdalHaemek,  Israel)  attached 
to  a  Zeiss  microscope  (Axioplan  2,  Oberkochen, 
Germany)  and  stored  on  a  SKY  image-capture 
workstation.  The  images  were  analyzed  using  the 
SKYView  software  version  1.2  (Applied  Spectral 
Imaging),  which  resolves  individual  fluorochrome 
spectra  by  Fourier  spectroscopy  and  distinguishes 
the  spectral  signatures  for  each  chromosome  to  pro¬ 
vide  a  unique  pseudocolor  for  each  chromosome 
(classified  image).  G-banding  and  SKY  analyses 
were  performed  sequentially  on  each  of  the  three 
cell  lines  with  the  same  10  metaphase  images  cap¬ 
tured  for  G-banding  also  analyzed  by  SKY.  Be¬ 
cause  of  the  presence  of  nonclonal  changes  in 


DU  145  and  PC-3,  composite  karyotype  descrip¬ 
tions  were  made  for  these  two  cell  lines. 

The  determination  of  the  position  of  translocation 
breakpoints  was  performed  by  aligning  the  G- 
banding  pattern  for  each  rearranged  chromosome 
with  its  respective  SKY  pseudocolor  classified  im¬ 
age  and  mapping  each  translocation  boundary  with 
respect  to  the  associated  G-banded  chromosomal 
interval  and  the  International  System  for  Human 
Cytogenetic  Nomenclature  designation  [27]  for  the 
band  locations  where  breakage  and  rearrangement 
has  occurred. 

Results 

Sequential  G-banding  and  SKY  analysis  of 
LNCaP  cells  on  a  metaphase-by-metaphase  basis 
confirmed  the  bimodal  diploid  and  tetraploid  chro¬ 
mosome  number  [17].  Overall,  LNCaP  showed  a 
consistent  karyotype,  with  few  nonclonal  changes 
(incidental  gains/losses  and/or  structural  rearrange¬ 
ments  not  contributing  to  the  karyotype)  per  meta¬ 
phase  (Table  1).  Six  of  the  seven  previously  re¬ 
ported  marker  chromosomes  [17]  were  confirmed 
by  G-banding  and  SKY  analyses  in  10  of  10  meta¬ 
phases  (Fig.  1).  Marker  7  (an  interstitial  deletion  of 
13q2Ll)  was  detected  in  9  of  10  metaphases  but 
was  absent  in  the  metaphase  shown  in  Fig.  1.  The 
level  of  resolution  afforded  by  the  current  sensitiv¬ 
ity  of  the  SKY  system  enabled  identification  of  a 
cryptic  or  hidden  novel  rearrangement  in  LNCaP. 
Markers  3  and  6,  previously  identified  by  G- 
banding  to  be  involved  in  a  nonreciprocal  translo¬ 
cation  of  a  fragment  of  6p  onto  16q  [17],  were 
instead  found  by  SKY  to  be  involved  in  a  reciprocal 
t(6;16).  When  normalized  to  a  diploid  chromosome 
number,  LNCaP  cells  were  found  to  have  nine 
structural  aberrations  per  metaphase.  For  example, 
the  reciprocal  t(l;15)x2  counted  as  four  aberrations, 
the  der(6)t(4;6)x2  as  two  aberrations,  and  the  del(2) 
as  one  aberration;  numerical  changes  such  as  the 
loss  of  chromosome  2  were  not  included  in  the 
count.  G-banding  and  SKY  analysis  of  LNCaP 
metaphase  cells  showed  few  structural  aberrations 
per  metaphase,  indicating  that  the  karyotype  was 
relatively  simple. 

As  previously  reported  [18,21],  DU145  was  ob¬ 
served  to  have  a  hypotriploid  chromosome  number 
with  more  complex  karyotypic  changes  than 
LNCaP,  showing  approximately  18  aberrations  per 
diploid  cell  (Fig.  2).  Chromosomal  loss  in  DU145 
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Table  1.  Karyotype  Description  of  LNCaP  (passage  23),  DU145  (passage  83),  and  PC-3  (passage  38) 


Cell  Line 


Chromosomal  Rearrangements 


Structural 
Aberrations/ 
Diploid  Cell 


LNCaP 
DU  145 


PC-3 


86-90, XXYY,t(l;15)(p22;q24)x2,-2,del(2)(pl3~23),der(4)t(4;6)(q21;q?15)t(6;10)(q?25;ql  l)x2,  18/2  =  9 

der(6)t(4;6)(q25  ;q  1 5)x2.t(6;  16)(p21 . 1  ;q22)x2,del(  1 0)(q24)x2,del(  1 3)(q2 1 . 1 ),[  1 0] 

57~62<3n>,X,-X,der(Y)t(Y;20)(ql2;?pl  l)[10],der(l;4)(qlO;plO)[9],-2[10],-3[10],-4[9],  27*(2/3)  =  18 

der(4)t(4;6)(q3 1 ;  ?)[9]  .i(5)(p  1 0)  [  1 0],-Kler(5)del(5)(p?  1 3)del(5)(q?  1 1  )x2  [8] , 
-i-der(5)t(5;21)(pl3;qll.2)[10],der(6;16)(pl0;ql0)[9],der(7;8)(pl0;ql0)[7],del(9)(p21)[10], 
-i-der(9)del(9)(pl3)t(9;ll)(q22;?)[8],der(10;19)(ql0;?pl0)[9],del(ll)(q23)[10], 
der(ll;12)(ql0;ql0)[9],-13[10],der(13)t(2;l3)(?pll;q33)[10],der(13)t(ll;13)(?q23;q33)[10], 
der(  1 4)t(3 ;  1 4)(q2 1  ;q3 1 )  [8]  ,ider(  1 4)(q  1 0)t(3;  1 4)(q2 1  ;q3 1  )[2]  ,der(  1 5  ;20)(q  1 0;q  1 0)x2[  1 0] , 
-16[10],+18[8],der(18)t(14;18)(ql3;q21)x2[10],-19[10],-20[10],-22[10],[cpl0] 

59~64,XX,-Y,-i-l[7],der(l)t(l;2)(q22;?)t(l;12)(p31;?)t(8;12)(ql3;?)[8],  51*(2/3)  =  34 

der(  1  )t(  1 ;  15)(p22;q  1 5)t(  1  ;2)(q25;?p2 1  )[9],der(2)t(2;  1 5)(p24;q22)t(  1 5;  1 7)(q  1 1  ;q  12)[  1 0], 
der(2)t(2;8)(p24;ql3)x2[10],-3[10],der(3)t(3;10)(ql3;?)x2[10],der(4;6)(ql0;pl0)[9], 
der(4)t(4;10)(q21;?)x2[10],der(4;12)(ql0;ql0)[l0],-5[10],i(5)(pl0)[9],del(6)(q25~26)[10], 
-i-7[9],-8[9].del(8)(p21)[10],der(8)t(X;8)(ql0;ql0)[5], 
der(8)t(8;15)(ql0;ql0)t(15;?17)(q26;?)t(3,?17)(q25;?)[3],-9[9],-10[9], 
der(10)t(3;10)(pl4.1;q21)t(4;10)(?;q25)t(4;10)(?;q21)t(4;10)(?;pl2)t(4;10)(?;?)t(3;10) 

(ql3.3;?)x2[10],-i-l  l[7],der(l  l)t(2;l  l)(?;pl  l)t(2;19)(?;?)t(5;19)(ql3;?)[10],der(l  1  ;14) 

(qlO;ql0)[3],der(12)t(8;12)(ql3;q24.3)x2[lO],+l4[7],H-14[4],der(14)t(X;14)(?p22.1;q32)x2[6], 

der(14)dup(14)(?)t(14;15)(pI2;?)t(15;i7)(?;?)t(3;17);(q25;?)[2],-15[10], 

der(15)t(5;15)(ql3;pl3)[10],der(15)t(15;17)(?;?)t(15;17)(?;q21)t(3;17)(q25;?)[8],-16[10], 

-17[9],del(17)(pll.2)[10],-19[8],-h20[6],+21[10],-22[10],[cpl0] 


Karyotype  description  is  by  sequential  G-banding  and  SKY,  according  to  the  International  System  for  Human  Cytogenetic 
Nomenclature  convention  [27].  LNCaP  has  a  clonal  karyotype  (10  metaphases).  In  the  composite  karyotype  descriptions  for  DU145 
and  PC-3,  numbers  in  brackets  refer  to  the  frequency  of  occurrence  of  the  directly  preceding  structural/numerical  change  (of  10 
metaphases). 


was  more  common  than  gain,  with  losses  of  whole 
chromosomes  2,  3,  4,  13,  16,  19,  20,  21,  22,  and  X 
and  partial  losses  of  5q,  9p  and  1  Iq  and  gains  of 
chromosome  1 8  and  derivative  chromosomes  5  and 
9  (Table  1).  Structural  chromosomal  changes  of  in¬ 
terest  were  the  t(5;21)  and  t(4;6)  translocations  not 
detected  by  G-banding  analyses  but  easily  identi¬ 
fied  by  SKY.  Other  translocations,  such  as  the 
t(l;4),  t(Y;20),  t(2;13),  t(6;16),  and  t(9;ll),  were 
recognized  as  abnormal  derivative  chromosomes  1 , 
Y,  2,  6,  and  9  by  G-banding  analysis,  but  required 
SKY  analysis  for  identification  of  the  involved  part¬ 
ner  chromosomes  (Table  1).  The  previously  uniden¬ 
tified  minute  chromosomes  observed  by  Stone  et  al. 
[18]  were  determined  by  SKY  analysis  to  be  de¬ 
rived  from  chromosome  5.  The  sequential  analysis 
of  DU  145  by  G-banding  and  SKY  allowed  the  iden¬ 
tification  of  27  structural  breakpoints,  of  which  14 
involved  centromeric  or  pericentromeric  regions. 
More  than  half  the  chromosomes  in  the  DU  145  ge¬ 
nome  showed  rearrangements  involving  centro¬ 
meric  breaks.  DU145  showed  more  nonclonal 
changes  per  metaphase  than  either  LNCaP  or  PC-3. 

PC-3  cells  were  also  observed  to  be  hypotriploid 


and  showed  more  karyotypic  abnormalities  than  ei¬ 
ther  LNCaP  or  DU  145  cells,  with  approximately  34 
aberrations  per  diploid  cell.  Almost  every  chromo¬ 
some  in  this  cell  line  had  either  structural  or  nu¬ 
merical  abnormalities  (Fig.  3),  with  chromosomal 
loss  more  prevalent  than  gain.  PC-3  showed  losses 
of  whole  chromosomes  3,  5,  8,  9,  10,  15,  16,  17,  19, 
and  22  and  partial  losses  of  chromosomes  6q,  8p, 
and  17p.  In  addition,  whole  chromosomal  gains  of 
1,  7,  11,  14,  20,  and  21  were  observed,  and  an 
additional  gain  of  chromosome  14  was  observed  in 
4  of  10  metaphases  (Table  1).  Seven  complex  rear¬ 
rangements  involving  more  than  two  chromosome 
partners  were  characterized  in  this  cell  line.  Sequen¬ 
tial  G-banding  and  SKY  analysis  of  PC-3  allowed 
the  identification  of  37  structural  breakpoints,  of 
which  eight  involved  centromeric  or  pericentro¬ 
meric  regions.  Many  of  the  structural  rearrange¬ 
ments  were  paired,  suggesting  that  these  changes 
occurred  in  a  diploid  progenitor  that  subsequently 
underwent  tetraploidization.  The  isochromosome 
5p,  previously  reported  by  Bernadino  et  al.  [21], 
was  also  identified  by  SKY  in  both  DU  145  and 
PC-3. 


G-banding  and  SKY  Analysis  of  LNCaP,  DU145,  and  PC-3 
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Fig.  1.  G-banding  and  SKY  composite  karyogram  of  LNCaP  (passage  23),  G-banded  metaphase  (top  left),  spectral  metaphase  (top 
middle),  pseudocolor  classification  (top  right).  There  are  87  chromosomes  in  the  metaphase  spread.  The  karyogram  (bottom)  depicts 
each  chromosome  by  aligning  its  G-banded  (left  chromosome)  and  classified  (right  chromosome)  representations. 


Fig.  2.  G-banding  and  SKY  composite  karyogram  of  DU  1 45  (passage  83).  There  are  60  chromosomes  in  the  metaphase  spread. 
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Fig.  3.  G-banding  and  SKY  composite  karyogram  of  PC-3  (passage  38).  There  are  62  chromosomes  in  the  metaphase  spread. 


Fig.  4.  Breakpoint  analysis  of  the  three  CaP  cell  lines.  Breakpoints  found  in  the  CaP  cell  lines  (LNCaP,  red;  DU  145,  blue;  PC-3, 
green)  are  designated  as  circles  to  the  right  of  each  chromosome  ideogram  in  the  center  of  the  chromosomal  interval  in  which  the 
breakpoint  occurs.  Clustering  of  centromeric  and  pericentromeric  breakpoints  in  DU  145  and  PC-3  are  indicated  as  bars  to  the  left  of 
the  ideograms  (cyan). 


G-banding  and  SKY  Analysis  of  LNCaP,  DU145,  and  PC-3 
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Table  2.  Examples  of  Chromosome  Rearrangements  Previously  Identified 
by  Chromosome  Painting  Experiments  and  Probable  Identities  Found 
by  G-banding  and  SKY  Analysis 


Cell  Line 

Chromosome  Painting  Results 

Identity  by  G-banding  and  SKY 

DU  145 

add(13)(q33) 

der(13)t(2;13)(?pll;q33) 

add(13)(q33) 

der(13)t(ll;13)(?q23;q33) 

add(5)(pl3) 

der(5)t(5;21)(pl3;qll.2) 

1-5  markers 

eg.:  der(5)del(5)(p?13)del(5)(q?l  l)x2; 
der(14)t(3;14)(q21;q31) 

PC-3 

add(14)(q32) 

der(14)t(X;14)(?p22.1;q32) 

der(15)t(5;?;15)(ql4;?pl2) 

der(15)t(5;15)(ql3;pl3) 

der(ll)t(5;10;ll)(ql4;?;pll) 

der(ll)t(5;2;ll;19)(ql3;?;pll;?) 

hsr(10)(l;3;10) 

der(10)t(3;10;4;10) 

der(2)t(2;?;8)(p25;?;q21)x2 

der(2)t(2;8)(p24;ql3)x2 

add(2)(p25) 

der(2)t(2;15;17) 

2-5  markers 

eg. :  der(8)t(X;8)(q  10;q  1 0);der(  1  )t(2;  1 ;  1 2;8) 

See  Table  1  for  correct  International  System  for  Human  Cytogenetic  Nomenclature  classification 
of  listed  results. 

Data  from  [21]. 


In  both  DU145  and  PC-3,  marker  chromosomes 
that  had  been  partially  characterized  by  classic 
banding  and  chromosome  painting  approaches  were 
more  fully  characterized  by  sequential  G-banding 
and  SKY.  Listed  in  Table  2  are  several  examples  of 
marker  chromosomes  with  identities  previously  re¬ 
ported  by  Bernardino  et  al.  [21]  that  have  been  fur¬ 
ther  defined  by  sequential  G-banding  and  SKY 
analyses. 

The  composite  G-banding  and  SKY  results  for 
the  three  CaP  cell  lines  listed  in  Table  1  show  an 
increasing  complexity  of  chromosomal  aberrations, 
with  LNCaP  having  the  simplest  pattern  of  chro¬ 
mosomal  change,  followed  by  DU  145  with  inter¬ 
mediate  complexity,  and  PC-3  as  the  more  complex 
line.  Whereas  no  consistent  rearrangement  or  com¬ 
mon  chromosomal  aberration  was  detected  using 
the  increased  sensitivity  afforded  by  SKY,  exami¬ 
nation  of  DU  145  and  PC-3  showed  eight  chromo¬ 
somal  rearrangements  involving  breakage  within 
the  centromeric  regions  of  chromosomes  4,  5,  6,  8, 
11,  12,  14,  and  15  (Fig.  4).  Furthermore,  DU145 
was  found  to  have  involvement  of  eight  additional 
centromeric  or  pericentromeric  rearrangements  on 
chromosomes  1,  2,  7,  10,  16,  19,  20,  and  21;  PC-3 
had  only  one  additional  involvement  on  chromo¬ 
some  X. 

Discussion 

Obtaining  a  detailed  characterization  of  chromo¬ 
somal  abnormalities  in  solid  tumors  by  classic  cy¬ 
togenetics  has  been  limited  by  difficulties  in  both 


culturing  fresh  tumor  tissue  and  obtaining  good- 
quality  representative  banded  metaphase  prepara¬ 
tions.  The  use  of  tumor  cell  lines  has  provided  an 
alternative  resource  for  studying  cytogenetic 
changes  in  greater  depth,  and  the  recent  develop¬ 
ment  of  SKY  has  significantly  enhanced  the  ability 
to  detect  and  comprehensively  identify  the  struc¬ 
tural  aberrations  present  in  a  cell  line  [28].  How¬ 
ever,  SKY  analysis  as  a  single  method  of  chromo¬ 
some  identification  has  significant  limitations.  For 
example,  the  current  SKY  probe  kit  does  not  permit 
detection  of  intrachromosomal  dosage  changes  or 
interstitial  structural  rearrangements.  In  addition, 
SKY  classification  does  not  provide  information  on 
the  region  of  the  abnormal  chromosome  involved  in 
the  rearrangement.  We  therefore  used  a  sequential 
approach  of  G-banding  followed  by  SKY  to  exam¬ 
ine  the  identity  of  all  chromosomal  aberrations 
present  in  the  three  CaP  cell  lines,  LNCaP,  DU145, 
and  PC-3.  Similar  sequential  methods  were  recently 
reported  to  identify  the  origins  of  an  unusual  marker 
chromosome  in  a  leukemia  [29]. 

The  advantages  of  the  sequential  approach  of  G- 
banding  and  SKY  are  evident  in  genomes  showing 
increased  karyotypic  complexity,  such  as  DU  145 
and  PC-3.  G-banding  data  for  both  these  cell  lines 
[18]  were  unable  to  fully  characterize  the  observed 
chromosomal  aberrations.  The  use  of  pairwise  com¬ 
binations  of  chromosome  paints  provided  more  in¬ 
formation  on  the  chromosomes  involved  in  rear¬ 
rangements  [21].  For  example,  although  Stone  et  al. 
[18]  identified  a  marker  Y  chromosome  by  G- 
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banding,  the  partner  chromosome  was  unidentifi¬ 
able  by  this  method.  Bernardino  et  al.  [21]  used 
pairwise  combinations  of  chromosome-painting 
FISH  experiments  to  resolve  the  identity  of  this 
marker  chromosome  as  a  der(Y)t(Y;20)(ql2;?).  De¬ 
spite  these  advantages,  karyotyping  by  pairwise 
chromosome  painting  is  cumbersome  and  limited 
by  the  number  of  potential  combinations  of  chro¬ 
mosomal  rearrangements  found  in  derivative  chro¬ 
mosomes.  Combined  G-banding  and  SKY  has  over¬ 
come  these  limitations  and  permits  further  charac¬ 
terization  of  novel  rearrangements  and  more  precise 
definition  of  previous  rearrangements  in  DU145 
and  PC-3  (Table  2). 

The  chromosomal  stability  of  the  karyotypes 
present  in  each  cell  line  is  also  a  consideration  when 
comparing  cytogenetic  findings  ascertained  using 
different  sources  of  the  same  cell  line  and  at  differ¬ 
ent  cell  passage  numbers.  In  our  analysis,  sequential 
G-banding  and  SKY  showed  a  cryptic  novel  trans¬ 
location  of  a  small  fragment  of  16q  onto  6p  but 
did  not  show  additional  chromosomal  changes  in 
LNCaP  in  comparison  to  previous  G-banding  re¬ 
sults  [17],  However,  a  study  by  Ford  et  al.  [30] 
using  whole-chromosome  paints  detected  the  non¬ 
reciprocal  translocation  of  10q24  material  to  two 
sites  on  chromosome  5q,  forming  a  derivative  chro¬ 
mosome  5  that  was  not  present  in  our  analysis. 
Similarly,  a  recent  SKY  analysis  of  LNCaP  cells 
reviewed  by  Brothman  et  al.  [31]  showed  additional 
chromosomal  rearrangements,  such  as  t(15;22)  and 
t(3;l  1),  also  not  observed  in  our  analysis.  Whether 
these  rearrangements  in  LNCaP  are  representative 
clonal  changes  is  unclear.  Previous  studies  have 
shown  that  the  karyotype  of  DU  145  also  varies  as  a 
function  of  passage  number.  Both  Stone  et  al.  [18] 
and  Bernardino  et  al.  [21]  found  that  the  DU145 
karyotype  was  stable  through  90  passages,  and  at 
passage  73,  the  cells  had  a  near-triploid  chromo¬ 
some  number  with  extensive  chromosomal  rear¬ 
rangements.  By  passage  153,  however,  DU145  was 
found  to  have  a  near-tetraploid  karyotype  with  an 
increased  number  of  rearrangements  [18,21].  The 
karyotype  for  DU  145  (passage  83)  reported  here  is 
similar  to  that  reported  by  Stone  et  al.  [18]  and 
Bernardino  et  al.  [21]  below  passage  90.  In  contrast 
to  DU  145,  PC-3  is  believed  to  be  a  karyotypically 
stable  cell  line  [19].  This  is  supported  by  the  study 
of  Camby  et  al.  [32]  that  showed  PC-3  to  be  more 
hormone  sensitive  and  to  maintain  a  greater  degree 
of  differentiation  than  DU145.  Kaighn  et  al.  [19] 


described  PC-3  as  100%  aneuploid  with  complete 
losses  of  chromosomes  1,  2,  3,  5,  15,  and  Y  and  the 
presence  of  at  least  10  marker  chromosomes  per 
metaphase  spread,  a  finding  confirmed  by  the 
present  study.  The  prevalence  of  chromosomal 
losses  over  gains  seen  in  both  DU  145  and  PC-3  is 
supported  by  recent  comparative  genomic  hybrid¬ 
ization  findings  [33]. 

Our  results  for  the  CaP  cell  lines  showed  that  in 
terms  of  the  karyotypic  complexity  of  rearrange¬ 
ments,  LNCaP  <  DU  145  <  PC-3,  with  approxi¬ 
mately  9,  1 8,  and  34  structural  aberrations  per  dip¬ 
loid  cell,  respectively  (Table  1).  This  finding  is  in 
agreement  with  the  suggestion  by  Nupponen  et  al. 

[33]  that  DU  145  and  PC-3  represent  the  more  ad¬ 
vanced,  androgen-independent  CaP  disease  state, 
whereas  LNCaP  resembles  more  closely  primary 
CaP  disease.  This  would  support  the  concept  that 
the  stepwise  progression  to  a  more  advanced  dis¬ 
ease  state,  modeled  by  DU  145  and  PC-3,  involves 
an  accumulation  of  chromosomal  alterations  that 
may  confer  selective  growth  advantages. 

Sequential  G-banding  and  SKY  analyses  showed 
there  was  no  common  chromosomal  rearrangement 
or  common  translocation  breakpoint  present  in  all 
three  CaP  cell  lines.  When  comparing  breakpoint 
regions  of  DU  145  and  PC-3,  the  most  common 
shared  feature  was  involvement  of  the  centromeric 
regions  of  chromosomes  4,  5,  6,  8,  1 1,  12,  14,  and 
15  in  structural  chromosomal  aberrations.  In  con¬ 
trast,  LNCaP  was  observed  to  have  only  one  cen¬ 
tromeric  rearrangement  on  chromosome  10.  The 
high  involvement  of  the  centromeric  regions  in 
DU  145  and  PC-3  is  of  interest  because  the  centro¬ 
mere  has  an  essential  role  in  maintaining  diploidy 

[34] .  The  greater  frequency  of  aberrations  at  cen¬ 
tromeric  and  pericentromeric  regions  in  DU  145 
than  PC-3  may  be  of  importance  given  the  in¬ 
creased  instability  observed  in  DU  145  through  pas¬ 
saging  [18,21].  Only  monocentric  chromosomes 
were  observed  in  all  three  cell  lines,  suggesting  or¬ 
derly  chromosome  separation,  which  is  not  seen  in 
cells  containing  ring,  dicentric,  and  multicentric 
chromosome  structures  [34].  Normally,  the  centro¬ 
mere  is  the  last  chromosomal  segment  replicated  in 
monocentric  mammalian  chromosomes  during  cell 
division  [35];  however,  premature  centromere  sepa¬ 
ration  could  lead  to  the  type  of  aneuploidy  [34] 
observed  in  DU  145  and  PC-3.  The  significant  in¬ 
volvement  of  centromeric  breakpoints  may  reflect 
the  high  degree  of  chromosomal  misdivision  and 
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sister-chromatid  exchange  or  increased  instability 
of  the  pericentromeric  regions  during  mitosis 
[34,36].  There  is  an  increasing  interest  in  under¬ 
standing  the  role  of  the  kinetochore  in  normal  and 
abnormal  mitosis  [37,38]  and  its  relationship  to  the 
acquisition  of  centromeric  aberrations  and  aneuso- 
mies  in  cancer  cells  [39,40]. 

Although  the  use  of  tumor  cell  lines  has  provided 
an  alternative  resource  for  studying  cytogenetic 
changes  in  carcinomas  that  ordinarily  would  present 
difficulties  in  tissue  culture,  the  question  is  raised  as 
to  whether  the  cytogenetics  remain  representative 
of  primary  tumors.  Given  the  slow-onset  pathologi¬ 
cal  characteristics  of  CaP,  however,  it  may  be  sur¬ 
mised  that  the  initiating  event(s)  may  not  be  a  single 
genetic  alteration,  but  instead  caused  by  aberrations 
in  cell  division.  In  this  regard,  the  accumulation  of 
multiple  genetic  aberrations  during  CaP  progression 
may  be  downstream  effects  that  confer  selective 
growth  advantages.  The  observed  alterations  at  the 
centromeric  regions  support  this  view  and  suggest 
that  amid  the  other  chromosomal  aberrations  within 
each  cell  line,  the  initial  tumorigenic  events  are  not 
lost  in  the  cell  lines  studied. 

In  summary,  sequential  G-banding  and  SKY  is  an 
effective  FISH-based  whole-genome  screening 
technique  that  significantly  improves  the  ability  to 
identify  cryptic  and  complex  chromosomal  rear¬ 
rangements  in  tumor  cells.  Using  this  approach,  we 
have  confirmed  and  more  precisely  defined  the 
karyotypes  of  three  CaP  cell  lines,  identifying  a 
cryptic  novel  rearrangement  in  LNCaP  and  resolv¬ 
ing  previously  unknown  marker  chromosomes  and 
complex  rearrangements  in  the  more  complicated 
DU  145  and  PC-3  genomes.  No  consistent  translo¬ 
cation  breakpoint  suggestive  of  a  common  struc¬ 
tural  rearrangement  in  all  three  cell  lines  was  ob¬ 
served;  however,  centromeric  breakpoints  were 
shown  to  be  the  most  frequent  shared  feature  be¬ 
tween  DU  145  and  PC-3.  Our  results  imply  that 
karyotypically,  LNCaP  may  be  less  advanced  than 
DU  145  and  PC-3.  This  observation  is  in  agreement 
with  the  multistep  model  of  accumulated  hits  in 
CaP  tumorigenesis  and  suggests  an  increasing  im¬ 
portance  in  understanding  the  role  of  the  centro¬ 
mere  in  CaP  tumorigenesis. 
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ABSTRACT:  'We  have  utilized  a  combination  of  conventional  and  spectral  karyotyping  (SKY)  tech¬ 
niques  and  allelotype  analysis  to  assess  numerical  and  structural  chromosome  alterations  in  two  cell 
lines  derived  from  normal  human  prostatic  epithelium,  and  three  cell  lines  derived  from  human  pros¬ 
tate  primary  tumor  epithelium,  immortalized  with  the  E6  and  E7  transforming  genes  of  human  papil¬ 
loma  virus  (HP'V)  16  or  the  large  T-antigen  gene  of  simian  virus  40  (S'V40).  These  studies  revealed  tri¬ 
somy  for  chromosome  20  and  rearrangements  involving  chromosomes  3,  4,  8,  9,  10,  16,  17,  18,  19,  21, 
or  22.  In  addition,  the  four  HP'V -immortalized  cell  lines  exhibited  extensive  duplications  or  transloca¬ 
tions  involving  the  llq  chromosomal  region.  Interestingly,  allelotyping  data  disclosed  loss  of  8p 
sequences  in  two  of  the  three  primary  tumor-derived  cell  lines,  and  SKY  data  revealed  that  the  loss  of 
8p  sequences  was  directly  due  to  i(8q)  chromosome  formation  and/or  other  structural  alterations  of 
chromosome  8.  This  provides  intriguing  evidence  that  8p  loss  in  primary  human  prostate  tumors  may, 
in  some  cases,  result  from  complex  structural  rearrangements  involving  chromosome  8.  Moreover,  the 
data  reported  here  provide  direct  evidence  that  such  complex  structural  rearrangements  sometimes 
include  i(8q]  chromosome  formation.  ©  2000  Elsevier  Science  Inc.  All  rights  reserved. 


INTRODUCTION 

Many  genetic  and  epigenetic  events  are  likely  involved  in 
prostate  tumorigenesis.  In  particular,  several  cytogenetic 
and  molecular  studies  from  our  laboratory  and  others 
have  suggested  that  deletion  or  rearrangement  of  se- 
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quences  that  map  to  the  short  arm  of  chromosome  8  (8p) 
may  be  critically  permissive  for  tumorigenesis  in  the  pros¬ 
tate  gland  [1-7]. 

Deletion  of  8p  sequences  is  observed  at  comparable  fre¬ 
quencies  in  low-  and  high-grade  tumors,  as  well  as  in  lo¬ 
calized  and  invasive/regionally  metastatic  prostate  can¬ 
cers  [3,  5,  7],  Moreover,  the  frequency  of  8p  loss  is  almost 
equivalent  in  prostate  tumors  and  prostatic  intraepithelial 
neoplasia  (PIN),  a  putative  premalignant  lesion  of  the 
prostate  [6,  8].  Taken  together,  these  data  suggest  that  8p 
losses  are  frequent  events  during  the  initiation  or  early 
promotion  of  prostate  tumorigenesis. 

Other  studies  have  also  reported  loss  of  8p  concurrent 
with  gain  of  the  long  arm  of  chromosome  8  (8q]  sequences 
in  advanced  prostatic  cancer  [9-13].  This  combination  of 
events  occurring  on  the  same  chromosome — loss  of  8p  se¬ 
quences  and  gain  of  8q  sequences— suggests  formation  of 
i(8q)  chromosomes  in  advanced  prostate  tumors.  Al¬ 
though  i(8q]  chromosomes  have  been  detected  in  uncul¬ 
tured  metastatic  prostate  tumors  using  conventional  kary¬ 
otypic  analyses,  no  direct  evidence  for  the  existence  of 
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i(8q)  chromosomes  in  primary  prostate  tumors  has  heen 
obtained,  possibly  due  to  the  inability  of  interphase  fluo¬ 
rescence  in  situ  hybridization  (FISH)  techniques  used 
with  clinical  specimens  to  accurately  and  precisely  iden¬ 
tify  these  chromosomes  [10-13],  Therefore,  we  have  uti¬ 
lized  a  combination  of  conventional  and  spectral  karyo¬ 
typing  (SKY)  techniques  and  allelotype  analysis  to  assess 
numerical  and  structural  alterations  of  chromosome  8  in 
two  cell  lines  derived  from  normal  human  prostate  epithe¬ 
lium,  and  three  cell  lines  derived  from  primary  human 
prostate  tumors.  The  specific  objective  of  these  studies 
was  to  determine  whether  losses  of  8p  sequences  previ¬ 
ously  reported  for  two  of  the  cell  lines,  1532T  and  1542T 
[14],  were  directly  due  to  i(8q)  chromosome  formation 
and/or  other  structural  alterations  of  chromosome  8. 

MATERIALS  AND  METHODS 
Cell  Lines  and  Culture 

The  1535N,  1532T,  1535T,  and  1542T  cell  lines  were  pro¬ 
duced  through  immortalization  of  primary  prostate  epi¬ 
thelial  cultures  by  transduction  with  a  recombinant  retro¬ 
virus  encoding  the  E6  and  E7  genes  of  HPV  16,  as 
previously  described  [14],  The  1535N  cells  were  produced 
from  immortalization  of  normal  prostatic  epithelium, 
whereas  the  1532T,  1535T,  and  1542T  cells  were  pro¬ 
duced  through  immortalization  of  malignant  epithelium 
from  primary  prostate  tumors.  The  PrEC-T  cells  were  pro¬ 
duced  through  immortalization  of  normal  human  prostate 
epithelial  cells  (Clonetics,  Inc.)  by  transfection  with  the 
pMTlOD  plasmid  (Japanese  Cancer  Research  Resources 
Bank,  Tokyo)  containing  sequences  encoding  the  simian 
virus  40  (SV40)  Large  T-antigen.  All  cell  lines  were  grown 
in  defined  keratinocyte-SFM  (GIBCO/BRL),  5%  FBS,  and 
1%  penicillin/streptomycin/fungizone  antibiotic  mix¬ 
ture  (BioWhittaker)  in  a  humidified  incubator  at  37°C 
with  5%  CO2. 

G-Banding  and  Karyotypic  Analysis 

For  the  1535N  cells,  chromosome  counts,  ploidy  distribu¬ 
tions,  and  GTG-banded  karyotypes  were  prepared  as  pre¬ 
viously  described  [15].  Briefly,  exponentially  growing  cul¬ 


tures  were  treated  with  0.04  ug/mL  Colcemid  for  1-2 
hours,  trypsinized,  treated  with  0.0375  M  KCl  for  9  min¬ 
utes,  then  fixed  in  3:1  methanol:  glacial  acetic  acid.  The 
resulting  cell  nuclei  were  pelleted  by  centrifugation, 
dropped  onto  cold,  wet  slides,  then  air-dried  and  stained 
using  a  4%  Giemsa  solution.  Chromosomes  were  exam¬ 
ined  and  counted  to  establish  ploidy  distribution  and  con¬ 
stitutional  alterations.  Specific  numerical  and  structural 
chromosomal  alterations  were  established  after  the  slides 
were  aged  at  60°C  on  a  slide  warmer  for  18  hours,  im¬ 
mersed  in  0.025%  trypsin  for  11  seconds,  stained  with  4% 
Gurr-Giemsa  solution  for  11  minutes,  washed  in  buffer, 
then  air-dried  and  mounted  in  permount.  Well-banded 
metaphase  spreads  were  photographed  at  800  X  magnifica¬ 
tion  with  Technical  Pan  Film  2415  (Kodak)  and  printed 
on  Rapidoprint  FP  1-2  (Agfa-Gevaert),  or  studied  on  the 
AKSII  image  analysis  system. 

SKY  Analysis 

Spectral  karyotyping  analysis  was  carried  out  on  the 
1532T,  1535T,  1542T,  and  PrEC-T  cells  using  previously 
G-banded  slides.  Images  were  captured  and  the  micro¬ 
scope  coordinates  were  noted.  Residual  oil  was  removed 
with  xylenes  followed  by  destaining  with  methanol.  The 
slides  were  then  rehydrated  in  a  descending  ethanol  series 
and  fixed  with  1%  formaldehyde  in  a  50  mM  MgClj/phos- 
phate  buffer  solution  for  10  minutes.  Slides  were  dehy¬ 
drated  and  denatured  for  30-45  seconds  at  75°C  in  70% 
formamide/2  X  SSC  (saline  sodium  citrate),  followed  by  a 
final  dehydration.  The  SKY  paints  (Applied  Spectral  Im¬ 
aging,  Carlsbad,  CA,  USA)  were  denatured  for  7  minutes 
at  75°C,  reannealed  at  37°C  for  1  hour,  then  placed  on  the 
slide  and  covered  with  a  glass  coverslip.  The  coverslip 
was  sealed  with  rubber  cement,  and  hybridization  was 
carried  out  in  a  humidified  chamber  for  24  hours  at  37°C. 
Post-hybridization  washes  were  carried  out  using  estab¬ 
lished  techniques  and  according  to  the  manufacturer’s  in¬ 
structions  [16].  Ten  metaphase  images  were  captured  per 
preparation  using  an  SD  200  spectral  bioimaging  system 
(ASI  Ltd.,  MigdalHaemek,  Israel)  attached  to  a  Zeiss  mi¬ 
croscope  (Axioplan  2)  and  stored  on  a  SKY  image-capture 
workstation.  The  images  were  analyzed  using  the  SKY- 


Table  1  Karyotype  analysis  of  immortalized  normal  and  malignant  prostate  epithelial  cells 

Cell  lines  Karyotype 

1532T  44~47,XY,i(8)(ql0),  +  20[2]/46~47,idem,dup(ll)(ql3q23)[3]/ 

46'--47,idem,dup(ll)(pll.2pl3),ins(17;ll)(q21pll.2pl3)[5] 

1535T  46,XY,der(ll)?qdp(ql3q23)t(ll;20)(q23;qll),der(20)t(ll;20)(ql3;ql3.3)qdp(ll)(ql3q23]orhsr(ll)[6] 

46,idem,der(3)t(3;llKp21;ql3),del(18Kq21)[4] 

1542T  46,XY,der(8;20)(ql0;plO),der(ll)qdp(ql3q23)t(ll;2O)(q23,qll)[4]/46~47,idem,i(8)Cql0)[2] 

36~51,idem,der(22)t(ll;22)(ql4:pll)t(ll;20)(q23;qll.2)[2] 
45~47,idem,-der(8;20),der(8;21)(pl0;ql0)(2] 

1535N  45^48, XY,der(18][g]/45~48,idem,add(19)(ql3)[8] 

45~48, idem, der(ll)dup(ll)(qllq23)t(10;ll)(q22;q23)[4]/45--48, idem, del(10Kq21)[3] 

PrEC-T  44,XY,der(3;15)(qlO;qlO),der(4)t(4;?14)(q35;plO).der(8]dup(8)[qll.2q24.3)t(8;8)(q24.3;q24.3), 

del(l0Kq24),der(14;17Kql0;ql0),der(16)t(9;16)(ql0;ql0),del(18}(q21), 
der(22)dup(??)t(22;22)(pl3;?)t(8;22)(?;?),der(22)t(17;22)(pll.2;qll.2)[10] 


Nonclonal  chromosomal  changes  were  also  noted  in  the  cell  lines. 


Figure  1  Spectral  karyotype  composite  of  the  1532T  cell  line.  Upper  panel:  G-banded  preparation  of  metaphase 
chromosomes  from  1532T  cells  (left),  hybridized  to  SKY  paints  (middle),  and  after  pseudocolor  application  (right), 
as  described  in  the  text.  Lower  panel;  Composite  karyotype  showing  G-banded  and  pseudocolored  chromosomes. 
The  karyotype  for  the  cell  shown  is:  47,XY,i(8)(ql0),+20. 


Figure  2  Spectral  karyotype  composite  of  the  1535T  cell  line.  Upper  panel;  G-banded  preparation  of  metaphase 
chromosomes  from  '1535T  cells  (left),  hybridized  to  SKY  paints  (middle),  and  after  pseudocolor  application  (right), 
as  described  in  the  text.  Lower  panel:  Composite  karyotype  showing  G-banded  and  pseudocolored  chromosomes. 
The  karyotype  for  the  cell  shown  is:  46,XY,der(ll)?qdp(ql3q23)t(ll;20)(q23;qll),der(20)t(ll:20)(ql3;ql3),qdp(ll) 
(ql3q23),der(3)t(3:ll)(p21;ql3),del(l8)(q21). 
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View  software  version  1.3.  G-banding  and  SKY  analyses 
were  performed  sequentially  on  each  of  the  cell  lines  with 
the  same  ten  metaphase  images  captured  for  G-banding 
also  analyzed  by  SKY. 

Allelotyping 

Cells  were  trypsinized  and  DNA  was  purified  using  the 
Oncor  (Gaithersburg,  MD,  USA)  nonorganic  DNA  extrac¬ 
tion  kit  according  to  the  manufacturer’s  protocols.  Poly¬ 
merase  chain  reaction  (PGR)  reactions  were  performed  as 
previously  described  [7].  The  loci  examined  by  PGR 
spanned  8p  (12  loci)  or  localized  to  8ql2  (2  loci),  and  con¬ 
tained  highly  polymorphic  microsatellite  repeats.  The 
linkage  order  of  these  markers  has  been  reported  as  pter  - 
D8S504  -  D8S277  -  D8S549  -  D8S261  -  NEFL  -  D8S540  - 
D8S513  -  D8S535  -  D8S505  -  D8S87  -  D8S1121  -  D8S255 
-  D8S531  -  D8S519  -  qter  (Table  I).  Primer  sequences,  ad¬ 
ditional  linkage  and  contig  information,  and  genetic  map¬ 
ping  information  were  obtained  from  public  databases 
maintained  by  the  Center  for  Genome  Research  at  the 
Whitehead  Institute  for  Biomedical  Research  (http:// 
www-genome.wi.mit.edu/),  and  the  National  Center  for 
Biotechnology  Information  (http://www.ncbi.nlm.nih. 
gov/),  as  accessed  through  the  Internet. 


RESULTS 

C5dogenetic  Analysis 

Metaphase  analysis  showed  that  the  five  prostate-derived 
cell  lines  were  pseudodiploid,  with  modal  numbers  rang¬ 
ing  from  43  to  49  chromosomes/cell.  The  karyotypes  of 
each  cell  line  are  described  below  and  in  Table  1. 

1532T 

Ten  karyotypes  were  analyzed  from  passage  44  of  this  cell 
line  using  SKY  techniques.  The  consensus  karyotype  was 
44~47,XY,i(8)(ql0),+20.  Eight  cells  also  demonstrated 
duplication  of  the  (ql3-q23)  region  of  chromosome  11, 
and  five  cells  demonstrated  a  duplication  of  the  pll.2- 
pl3  region  of  chromosome  11  and  insertion  into  the  q21 
region  of  chromosome  17.  Figure  1  shows  a  representative 
karyotype  for  this  cell  line. 

1535T 

Ten  karyotypes  were  analyzed  from  passage  12  of  this  cell 
line  using  SKY  techniques.  The  consensus  karyotype  was 
46,XY,der(ll)?qdp(ql3q23)t(ll;20)(q23;qll)der(20)t(ll;20) 
(ql3;ql3.3)qdp(ll)(ql3q23)  or  hsr(ll),  with  four  cells  also 
demonstrating  der(3)t(3;ll)(p21;ql3),del(18)(q21).  Figure  2 
shows  a  representative  karyotype  for  this  cell  line. 


Figure  3  Spectral  karyotype  composite  of  the  1542T  cell  line.  Upper  panel:  G-banded  preparation  of  metaphase 
chromosomes  from  1542T  cells  (left),  hybridized  to  SKY  paints  (middle),  and  after  pseudocolor  application  (right), 
as  described  in  the  text.  Lower  panel:  Composite  karyotype  showing  G-banded  and  pseudooolored  chromosomes. 
The  karyotype  for  the  cell  shown  is:  45,XY,i(8)(ql0),der(ll)qdp(ql3q23)t(ll;20)(q23;qll). 
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1542T 

Ten  karyotypes  were  analyzed  from  passage  44  of  this  cell 
line  using  SKY  techniques.  The  consensus  karyotype 
was  46,XY,der(8;20)(ql0;pl0),der(ll)qdp(ql3q23)t(ll;20) 
(q23;qll).  In  addition,  two  cells  also  demonstrated  an  i(8) 
(qlO);  2  cells  demonstrated  these  changes  as  well  as 
der(22)t(ll;22)(ql4:pll)t(ll;20)(q23;qll.2),  and  2  cells 
were  characterized  by  these  accumulated  changes  except 
that  the  der(8;20)  was  absent  and  a  der(8;21)(pl0;ql0)  was 
apparent  instead.  Figure  3  shows  a  representative  karyo¬ 
type  for  this  cell  line. 

1535N 

Nine  karyotypes  were  analyzed  from  passage  13  of  this 
cell  line  using  G-banding  techniques.  The  consensus  kary¬ 
otype  was  45^^48, XY,der(18],  with  eight  cells  also  demon¬ 
strating  an  add(19)(ql3]  chromosome,  and  four  cells  dem¬ 
onstrating  a  complex  derivative  of  chromosome  11 
involving  t(10;ll).  Three  cells  also  displayed  a  deletion  of 
chromosome  10  involving  band  q21.  Figure  4  shows  a  rep¬ 
resentative  karyotype  for  this  cell  line. 

PrEC-T 

Ten  karyotypes  were  analyzed  from  passage  27  of  this  cell 
line  using  SKY  techniques.  The  consensus  karyotype  was 
44,XY,der(3;15)(ql0;ql0),der(4)t(4;?14)(q35;pl0),der(8) 
dup(8)(qll.2:q24.3)t(8;8)(q24.3;q24.3),del(10)(q24), 
der(14;17)(ql0;ql0),der(16)t(9;16)(ql0;ql0),del(18)(q21), 
der(22)dup(??)t(22;22)(pl3;?)t(8;22K?;?),der(22)t(17;22) 


(pll.2;qll.2)[10].  Figure  5  shows  a  representative  karyo¬ 
type  for  this  cell  line. 

Interestingly,  duplications,  translocations  and  other 
structural  changes  involving  Ilql3q22q23  were  observed 
in  all  four  HPV-immortalized  cell  lines.  The  1542T  cells 
exhibited  a  distinctive  quadruplication  (abbreviated  as 
“qdp”  using  ISCN  nomenclature],  suggesting  a  low-level 
amplification  of  the  ql3  to  q23  region  in  this  cell  line. 

Allelotyping 

The  1532T,  1535T,  and  1542T  cell  lines  were  allelotyped 
at  14  chromosome  8  loci,  12  spanning  8p,  and  2  mapping 
to  the  pericentromeric  region  of  8q.  Table  2  summarizes 
these  data.  As  shown  in  Table  2,  the  1532T  cell  line  was  ho¬ 
mozygous  for  all  8p  loci  examined,  consistent  with  the  C5rto- 
genetic  data  revealing  one  normal  chromosome  8  and  one 
i(8)(ql0]  chromosome  in  these  cells  (Fig.  6).  The  1542T  cell 
line  demonstrated  one  allele  for  all  8p  loci,  but  two  alleles 
for  each  of  the  pericentromeric  8q  loci,  D8S531  and  D8S519. 
These  data  were  also  consistent  with  the  cytogenetic  find¬ 
ings  for  one  normal  chromosome  8  accompanied  by  any  of 
three  different  structural  alterations  of  chromosome  8:i(8) 
(ql0),der(8,20)(ql0;pl0),  and  der(8;21)(pl0;ql0)  in  these 
cells  (Fig.  6).  In  contrast,  the  1535T  cell  line  demonstrated 
two  alleles  for  9  of  12  8p,  and  both  8q  loci  examined,  with 
no  evidence  for  extended  regions  of  homozygosity  by  allelo¬ 
typing.  These  results  were  consistent  with  the  SKY  data, 
which  did  not  reveal  clonal  numerical  or  structural  alter¬ 
ations  of  chromosomes  8  in  these  cells. 


Figure  4  G-banded  karyotype  of  the  1535N  cell  line.  G-banded  metaphase  chromosomes  from  1535N  cells  were 
prepared  as  described  in  the  text.  The  karyotype  for  the  cell  shown  is:  45,XY,der(ll)dup(ll)(qllq23)t(lO;ll) 
(q22;q23),der(18),add(19](ql3),-22. 
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Figure  5  Spectral  karyotype  composite  of  the  PrEC-T  cells  line.  Upper  panel:  G-banded  preparation  of 
metaphase  chromosomes  from  PrEC-T  cells  (left),  hybridized  to  SKY  paints  (middle),  and  after  pseudocolor  appli¬ 
cation  (right),  as  described  in  the  text.  Lower  panel:  Composite  karyotype  showing  G-banded  and  pseudocolored 
chromosomes.  The  karyotype  for  the  cell  shown  is:  44,XY,der(3;15)(ql0;ql0),der(4)t(4;?14)(q35;pl0),der(8)dup(8) 
(qll.2;q24.3)t(8;8)(q24.3;q24.3),del(10)(q24),der(14;17)(ql0;ql0),der(16)t(9;16)(ql0;ql0),del(18)(q21),der(22) 
dup(??)t(22;22)(pl3;?)t(8;22)(?;?),der(22)t(17;22)(pll.2;qll.2). 


DISCUSSION 

Cell  lines  provide  a  unique  resource  for  the  investigation 
of  numerical  and  structural  chromosomal  alterations 
present  in  the  tissues  from  which  they  were  derived. 
However,  the  most  intensively  studied  prostate-derived 
cell  lines — PC3,  DU145,  and  LNCaP — were  all  established 
from  metastatic  lesions.  These  cell  lines  possess  highly 
aberrant  karyotypes  characterized  by  numerous  structural 
and  numerical  chromosomal  alterations  [17].  As  such,  it  is 
unlikely  that  these  cell  lines  accurately  recapitulate  the 
genetic  composition  of  human  primary  prostate  tumors. 
Unfortunately,  human  prostate  tissues,  whether  normal  or 
malignant,  survive  only  short  term  in  culture,  and  rarely 
immortalize  spontaneously.  The  use  of  viral  transforming 
proteins  to  immortalized  normal  and  primary  tumor  epi¬ 
thelium  from  human  prostate  has  allowed  the  continual 
propagation  of  normal  and  malignant-derived  cells  in 
vitro  [14].  The  cell  lines  examined  in  the  present  study 
were  created  by  Bright  et  al.  through  the  transduction,  and 
subsequent  immortalization,  of  normal  and  primary  tumor 
prostatic  epithelium  with  the  E6  and  E7  transforming 
genes  of  HPV  16,  or  in  our  laboratory  through  the  immor¬ 
talization  of  normal  prostatic  epithelium  with  the  large 
T-antigen  gene  of  SV40  [14]. 

The  cell  lines  demonstrated  several  numerical  and 
structural  chromosomal  alterations,  including  trisomy  for 


chromosome  20  (1532T  cells)  and  rearrangements  involv¬ 
ing  3p  (1535T  cells)  or  3q  (PrEC-T  cells),  chromosome  9 
(PrEC-T  cells),  10  (1535N  and  PrEC-T  cells).  16  (PrEC-T 
cells),  17  [1532T  and  PrEC-T  cells),  18  and  19  (1535N),  20 
(1542T  cells),  or  21,  and  22  (1542T  and  PrEC-T  cells).  The 
PrEC-T  cells  also  exhibited  structural  alterations  of  chro¬ 
mosomes  4  and  14.  All  of  these  alterations  have  been  re¬ 
ported  for  epithelial  cells  from  diverse  tissue  types,  in¬ 
cluding  uroepithelial  and  prostate,  immortalized  through 
transduction  with  all  or  part  of  the  HPV  16  or  18  genomes 
[18-21].  Some  of  these  alterations,  notably  gain  of  chromo- 


Figure  6  Structural  alterations  involving  chromosome  8.  Struc¬ 
tural  alterations  of  chromosome  8,  including  i(8q)  chromosomes, 
are  shown  for  1542T  cells  (left),  1532T  cells  (middle),  and  PrEC-T 
cells  (right). 
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Table  2  Allelic  status  of  chromosome  8  loci° 


Locus  D8S504  D8S277  D8S549  D8S261  NEFL  D8S540  D8S513  D8S535  D8S505  D8S87  D8S1121  D8S255  D8S531  D8S519 


cM 

0.0 

8.4 

30.7 

35.8 

60.0 

60.0 

60.0 

60.0 

64.0 

65.7 

65.8 

Chromosome 

8pter 

8p23 

8p23 

8p22 

8p21 

8pl2 

8pl2 

8c  8ql2 

8ql2 

location 

1532T 

l'' 

1" 

lb 

I*- 

lb 

lb 

lb 

I* 

lb 

l" 

lb 

1 

1 

1542T 

lb 

lb 

lb 

I*- 

lb 

lb 

lb 

lb 

lb 

lb 

lb 

lb 

2 

2 

1535T 

1 

1 

2 

2 

2 

2 

2 

2 

1 

2 

2 

2  . 

2 

2 

“The  allelic  status  of  each  locus  is  denoted  by  1  (homozygous)  or  2  (heterozygous).  Where  known,  the  genetic  distance  (cM)  and  cytogenetic  localization  are 
shown. 


‘Extended  regions  of  homozygosity  defined  as  the  observation  of  three  or  more  adjacent  homozygous  loci. 


some  20  and  structural  alterations  involving  chromo¬ 
somes  3,  10,  and  18,  have  also  been  observed  through 
karyotypic  analysis  of  short-term  or  uncultured  primary 
prostate  tumors  [13].  It  is  therefore  difficult  to  determine 
which  genetic  alterations  were  originally  present  in  the 
prostatic  tissues,  and  which  arose  subsequent  to  cellular 
immortalization.  The  presence  of  some  of  these  genetic  al¬ 
terations  in  1535N  cells,  however,  suggests  at  least  a  sub¬ 
set  of  the  observed  karyotypic  aberrations  cirose  conse¬ 
quent  to  cellular  immortalization.  In  particular,  all  four 
HPV-immortalized  cell  lines  exhibited  extensive  duplica¬ 
tions  or  translocations  involving  the  Ilql3q22;q23  chro¬ 
mosomal  region,  llq-f  alterations  have  been  reported  in 
cells  immortalized  with  the  HPV  16  or  18  genomes  [22, 
23],  and  the  llq23  region  has  been  classified  both  as  a 
fragile  site  and  possible  viral  modification  site  [24,  25].  It 
appears  that  the  llq-l-  alteration  observed  in  the  cell  lines 
examined  comprises  the  common  chromosomal  aberra¬ 
tion  directly  due  to  immortalization  with  the  E6  and  E7 
genes  of  HPV  16. 

Allelotype  analysis  demonstrated  loss  of  8p  sequences 
in  the  1532T  and  1542T  primary  prostate  tumor-derived 
cell  lines.  The  four  HPV-immortalized  cell  lines  examined 
in  the  present  study  were  partially  allelotyped  for  8p  se¬ 
quences  by  Bright  et  al.,  who  reported  loss  for  a  limited 
number  of  markers  mapping  to  8p  in  the  1532T  and 
1542T,  but  not  the  1535N  or  1535T,  cell  lines  [14].  Inter¬ 
estingly,  the  8p  loss  pattern  observed  in  the  tumor  tissues 
and  resulting  immortalized  cell  lines  was  concordant  for 
the  1542T,  but  not  1532T  or  1535T,  cell  lines.  We  have 
confirmed  these  results  for  the  cell  lines,  and  report  a 
more  precise  allelotyping,  with  12  markers  spanning  8p 
and  2  markers  pericentromeric  to  8q  (Table  2).  Complete 
loss  of  one  copy  of  8p  in  the  1532T  and  1542T  cell  lines 
was  observed,  with  loss  extending  pericentromerically 
into  8q  in  1532T  cells.  These  findings  are  remarkably  sim¬ 
ilar  to  those  reported  by  others  describing  reduction  to  ho¬ 
mozygosity  for  all  or  part  of  8p  in  prostate  tumor  tissues 
[1-10].  Moreover,  conventional  G-banding  and  SKY  data 
revealed  that  loss  of  8p  sequences  in  the  1532T  and  1542T 
cell  lines  was  associated  with  complex  structural  alter¬ 
ations  of  chromosome  8  (Fig.  6).  The  1532T  cells  exhib¬ 
ited  an  i(8q)  chromosome  in  all  ten  metaphases  examined 
by  spectral  karyotyping.  The  1542T  cells  also  demon¬ 
strated  an  i(8q)  chromosome,  as  well  rearrangement  of 
chromosome  8  material  with  either  chromosome  20  or  21. 
The  SKY  data  confirm  reports  of  an  i(8q)  chromosome  in 


1542T  cells  demonstrated  by  CGH,  FISH,  and  allelotyping 
data  by  Virgin  et  al.,  though  other  aspects  of  the  1542T 
karyotype — monosomy  4  and  trisomy  11 — reported  by 
Virgin  et  al.  differed  from  the  SKY  results  reported  here, 
possibly  due  to  differences  in  the  passage  number  and/or 
clones  examined  in  these  studies  [26].  The  PrEC-T  cells,  de¬ 
rived  from  normal  prostatic  epithelium  immortalized  after 
stable  transfection  with  the  large  T-antigen  gene  of  SV40, 
also  exhibited  extensive  structural  alterations  of  chromo¬ 
some  8.  These  alterations  included  duplication  of  q  arm 
material,  from  qll.2  to  q24.  In  contrast  to  the  1532T  and 
1542T  cells,  the  gain  of  8q  arm  material  observed  in  PrEC- 
T  cells  was  not  in  the  form  of  an  i(8q)  chromosome,  al¬ 
though  the  net  gain  of  8q  arm  material  was  the  same  for  all 
three  cell  lines. 

In  conclusion,  the  data  presented  here  provide  intrigu¬ 
ing  evidence  that  8p  loss  in  primary  human  prostate  tu¬ 
mors  may  not  result  from  simple  deletion  of  all  or  part  of 
the  short  arm,  as  has  been  previously  inferred  from  allelo¬ 
typing  data  [1-8];  rather,  8p  loss  may,  in  fact,  result  from 
complex  structural  rearrangements  of  chromosome  8,  of¬ 
ten  resulting  in  gain  of  8q  material,  which  occurs  during 
tumorigenesis.  Moreover,  the  data  reported  here  provide 
direct  evidence  that  such  complex  structural  rearrange¬ 
ments  sometimes  include  i(8q)  chromosome  formation. 
These  studies  also  suggest  that  gain  of  8q  sequences  may 
occur  as  a  consequence  of  i(8q)  chromosome  formation  in 
some  instances,  but  may  also  occur  independently  of  ei¬ 
ther  8p  loss  or  i(8q)  chromosome  formation. 
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Abstract 

The  way  in  which  cytogenetic  aberrations  develop  in 
prostate  cancer  (CaP)  is  poorly  understood.  Spectral 
karyotype  (SKY)  analysis  of  CaP  cell  lines  has  shown 
that  they  have  unstable  karyotypes  and  also  have 
features  associated  with  chromosomal  instability 
(CIN).  To  accurately  determine  the  incidence  of  de 
novo  structural  and  numerical  aberrations  in  vitro  in 
CaP,  we  performed  SKY  analysis  of  three  independent 
clones  derived  from  one  representative  cell  line,  DU145. 
The  frequent  generation  of  new  chromosomal  rearran¬ 
gements  and  a  wide  variation  in  the  number  of  structural 
aberrations  within  two  to  five  passages  suggested  that 
this  cell  line  exhibited  some  of  the  features  associated 
with  a  CIN  phenotype.  To  study  numerical  cell-to-cell 
variation,  chromosome  8  aneusomy  was  assessed  in  the 
LNCaP,  DU145,  and  PC-3  cell  lines  and  a  patient  cohort 
of  15  CaP  primary  tumors  by  interphase  fluorescence  in 
situ  hybridization  (FISH).  This  analysis  showed  that  a 
high  frequency  of  numerical  alteration  affecting  chro¬ 
mosome  8  was  present  in  both  in  vitro  and  in  CaP 
tissues.  In  comparison  to  normal  controls,  the  patient 
cohort  had  a  statistically  significant  (P<.05),  greater 
frequency  of  cells  with  one  and  three  centromere  8 
copies.  These  data  suggest  that  a  CIN -like  process  may 
be  contributing  towards  the  generation  of  de  novo 
numerical  and  structural  chromosome  abnormalities  in 
CaP.  Neoplasia  (2001 )  3,  62-69. 

Keywords:  karyotype  evolution,  translocation,  aneuploidy,  ploidy,  molecular  cytogenetics. 


Introduction 

Prostate  cancer  (CaP)  has  the  highest  cancer  incidence  in 
men  and  the  second  most  common  cause  of  male  cancer 
mortaiity  [  1  ] .  The  tumorigenic  process  has  slow  onset 
pathoiogy  occurring  over  a  few  decades  during  the  iifetime 
of  the  individual  [2],  Our  understanding  of  the  disease 
process  that  underiies  the  progression  of  CaP  has  been 
complicated  by  both  genotypic  and  phenotypic  heterogeneity 
[3].  A  model  of  CaP  progression  based  on  the  well- 
estabiishedmodei  of  colon  cancer  progression  [4,5]  invoives 
the  accumulation  of  multipie  genetic  alterations.  This  model  is 


essentiaiiy  descriptive  and  does  not  address  the  mechanism 
leading  to  the  eariy  steps  of  CaP  tumorigenesis. 

Recent  spectral  karyotyping  (SKY)  anaiyses  of  the  three 
CaP  cell  lines  (LNCaP,  DU145,  PC-3)  have  demonstrated 
aneupioid  karyotypes  with  many  chromosomal  aberrations 
including  complex  chromosomal  rearrangements  and  a  high 
degree  of  karyotype  instability  [6,7] .  In  contrast,  most  eariy- 
stage  CaP  tumors  appear  to  be  karyotypicaiiy  normai  dipioid 
with  the  most  common  chromosomai  changes  affecting 
chromosome  8  [8].  in  a  smail  but  significant  number  of 
cases,  the  disease  progresses  to  advanced  stages,  giving 
the  transition  from  a  dipioid  to  aneupioid  chromosomai 
constitution  a  greater  degree  of  karyotype  compiexity  [9,10], 

Karyotype  instability  can  be  defined  as  a  progressive 
alteration  of  the  karyotype  affecting  a  ceii  popuiation,  either  in 
vivo  or  in  vitro  [11],  it  impiies  the  seiective  transmission  of 
chromosomal  alterations  through  cell  generations,  resuiting 
in  clonai  ceii  popuiations  derived  from  a  singie  ceii  but  not 
necessariiy  compietely  homogeneous.  Karyotype  instabiiity 
is  distinct  from  chromosomai  instabiiity  (CiN)  in  which  an 
excess  of  chromosome  alterations  occurs  at  each  ceii 
generation  and,  without  selective  force,  these  aiterations 
need  not  necessariiy  be  transmitted  through  each  ceii 
generation  [12,13].  CiN  is  thought  to  arise  as  a  resuit  of 
aberrations  in  the  mitotic  machinery  and/or  structural 
integrity  of  the  chromosome  constitution,  leading  to  exces¬ 
sive  numericai  and  structural  chromosomal  changes  [12- 
15] .  The  current  model  for  CaP  progression  does  not  provide 
experimental  approaches  for  understanding  why  in  vitro  CaP 
cell  lines  have  such  compiex  karyotypes  in  comparison  to  the 
relatively  simple  karyotypes  observed  by  direct  anaiysis  of 
CaP  [8]  nor  has  the  roie  of  CiN  in  this  tumor  type  been 
rigorousiy  assessed. 

Abbreviations:  add,  additional  material  to  chromosome ;  CIN,  chromosomal  instability ;  del, 
deleted  chromosome ;  der,  derivative  chromosome ;  ider,  isochromosome  derivative :  SCC, 
single  cell  clone 

Address  all  correspondence  to:  Dr.  J.  A.  Squire  PhD.,  Ontario  Cancer  Institute,  The 
University  Health  Network,  610  University  Avenue,  Toronto,  ON,  Canada  MSG  2M9. 
E-mail:  jeremy.squire@utoronto.ca 

’Financial  support  for  this  project  is  funded  by  a  research  grant  from  the  Concern 
Foundation.  P.C.P.  was  supported  by  a  grant  from  the  AFUD/AUA  Research  Scholar 
Program  and  Imclone  Systems. 

Received  23  October  2000:  Accepted  23  November  2000. 

Copyright  2001  Nature  Publishing  Group  All  rights  reserved  1522-8002/01/$17.00 


Evidence  of  CIN  in  CaP  by  SKY  and  Interphase  FISH  Beheshti  et  al.  63  (D 


r 


In  this  study,  we  have  employed  a  comprehensive 
molecular  cytogenetic  analysis  of  CaP  including  SKY  [16] 
analysis  of  three  DU  145 -derived  single  cell  clones  (SCCs) 
and  fluorescence  \r\  situ  hybridization  (FISH)  to  assess 
numerical  variation  of  chromosome  8  in  15  early-stage  low- 
grade  patient  tumors.  SKY  is  a  “24-color”  FISH  approach 
that  uniquely  identifies  each  chromosome  based  on  its 
specific  spectral  color  composition  [16],  and  allows  for  the 
unambiguous  identification  of  the  diversity  of  each  chromo¬ 
somal  region  present  in  aberrations  and  marker  chromo¬ 
somes  on  a  cell -by -cell  basis.  Therefore,  SKY  is  ideal  for 
assessing  both  the  qualitative  and  quantitative  chromosomal 
changes  associated  with  tumors  expressing  the  CIN 
phenotype.  Our  findings  suggest  that  a  CIN -like  process 
may  be  contributing  significantly  towards  the  generation  of 
de  novo  numerical  and  structural  chromosome  abnormalities 
in  CaP. 


Materials  and  Methods 

CaP  Cell  Lines  and  Clone  Selection 

LNCaP  (CRL-1740),  DU145  (HTB-81),  and  PC-3 
(CRL- 1435)  were  obtained  from  the  American  Type  Culture 
Collection  (ATCC,  Rockville,  MD).  LNCaP,  an  androgen- 
dependent  cell  line  originating  from  a  lymph  node  metastasis 
[17],  was  grown  in  RPMI  1640  with  2  mM  L-glutamine,  1.5 
g/l  sodium  bicarbonate,  4.5  g/l  glucose,  10  mM  HEPES,  1.0 
mM  sodium  pyruvate,  and  10%  fetal  bovine  serum.  PC-3,  an 
androgen -independent  cell  line  originating  from  a  brain 
metastasis  [18],  was  grown  in  Ham’s  F12K  with  2  mM  L- 
glutamine,  1 .5  g/l  sodium  bicarbonate,  and  10%  fetal  bovine 
serum. 

DU145,  also  an  androgen -independent  cell  line  and 
obtained  from  a  metastasis  to  the  bone  [19],  was  grown  in 
F15K  Minimum  Essential  Medium  with  1.5  g/l  sodium 
bicarbonate  and  10%  fetal  bovine  serum.  Three  individual 
subclones  were  derived  from  single  cells  selected  from  the 
parental  DU145  flask  (passage  83).  Briefly,  the  parental 
culture  was  incubated  in  trypsin  (Gibco  BRL,  Gaithersburg, 
MD) ,  washed  in  medium,  and  dissociated  by  gentle  titration. 
Following  microscopic  examination  to  measure  complete 
dissociation  of  cells,  the  cell  suspension  was  serially  diluted 
to  the  approximate  concentration  of  100  cells/ml.  Ten 
microliters  of  the  suspension  was  seeded  into  multiwell 
flasks  and  examined  by  phase  contrast  microscopy  by  two 
independent  observers.  Three  wells  containing  a  single  cell 
were  maintained  as  SCC1 ,  SCC2,  and  SCC3.  After  a  period 
of  2  weeks,  the  SCC  cells  were  dissociated  and  reseeded 
into  flasks,  and  maintained  for  three,  two,  and  five  passages 
(SCC1,  SCC2,  SCC3,  respectively)  prior  to  SKY  and  FISH 
analyses. 

Tissue  Accrual,  Tissue  Culture,  and  Cytogenetic 
Preparations 

CaP  patients  who  underwent  radical  prostatectomy  at 
the  University  Health  Network  (Toronto,  ON,  Canada)  and 
had  no  previous  radiotherapy  or  chemotherapy  were 


evaluated  for  study  eligibility  based  on  tumor  stage 
(pT1-T2),  low  tumor  grade,  prostate -specific  antigen 
(PSA)  levels,  and  past  biopsy  history.  The  surgeon 
dissected  a  small  wedge  (approximately  1-2  cm®)  of 
tumor  tissue  from  the  excised  prostate,  and  the  resected 
prostatic  capsule  was  analyzed  for  extracapsular  tumor 
extension  by  the  pathologist.  The  tissue  wedge  was  quick- 
sectioned  and  hematoxylin-  and  eosin-stained,  and  the 
histopathology  was  assessed.  Samples  from  15  patients 
which  showed  high  tumor  content  (>80%)  were  included 
in  this  study,  and  their  apposing  regions  obtained  for 
analysis. 

The  tissue  was  digested  in  250  U/ml  collagenase  IV 
(Gibco  BRL)  in  tissue  culture  media  (RPMI  1640,  10%  fetal 
bovine  serum,  antibiotics)  for  2  to  3  hours.  The  resulting  cell 
suspension  was  centrifuged  gently  and  washed  with 
phosphate  buffer  saline.  The  cells  were  then  either  directly 
harvested  or  harvested  following  a  short-term  culture  (<1 
week)  for  FISH  analysis.  Tissue  sections  from  the  tumor 
samples  were  not  used  since  it  is  well  established  [20]  that  a 
large  proportion  of  nuclei  is  bisected  during  preparation, 
leading  to  loss  of  FISH  signals. 

SKY 

The  SKY  KIT  probe  cocktail  from  Applied  Spectral 
Imaging  (ASI,  Carlsbad,  CA)  was  hybridized  to  metaphase 
slides  for  the  DU145  and  DU145-derived  subclones  accord¬ 
ing  to  standard  protocols  [16]  and  the  manufacturer’s 
instructions  (ASI). 

Results  in  the  figures  were  reported  using  an  abbreviated 
format  of  the  International  System  for  Human  Cytogenetic 
Nomenclature  (ISCN)  for  chromosomal  aberrations,  omit¬ 
ting  breakpoint  information  [21].  In  keeping  with  ISCN 
conventions,  irrespective  of  ploidy,  an  individual  chromoso¬ 
mal  aberration  (structural  or  numerical  change)  is  consid¬ 
ered  a  clonal  gain  when  it  is  observed  at  least  twice,  and 
clonal  loss  when  missing  in  at  least  three  cells  [21  ] .  The 
frequency  of  nonclonal  changes  were  taken  to  reflect  the 
propensity  of  aberration  within  the  cell  line.  Clonal  changes, 
however,  indicate  the  perpetuation  of  aberrations  through 
successive  cell  divisions. 

FISH 

Cytogenetic  slides  were  prepared  as  previously 
described  [22]  from  a  total  of  15  patients  as  well  as 
the  CaP  cell  lines  using  1.5-hour  colcemid  treatment  and 
75  mM  KCI  hypotonic  treatment.  While  metaphase  and 
interphase  nuclei  were  readily  produced  from  the  CaP  cell 
lines,  only  interphase  nuclei  were  obtained  from  the 
patient  samples.  Normal  cytogenetic  control  slides  bearing 
metaphases  and  interphase  nuclei  were  made  from 
phytohemagglutinin -stimulated  normal  male  lymphoblasts. 
The  centromere  8  D8Z1  alphoid  centromeric  sequence 
genomic  clone  was  obtained  from  the  ATCC  (#59904, 
Rockville,  MD)  and  labeled  with  biotin -14-dATP  (Gibco 
BRL).  A  minimum  of  100  cells  was  evaluated  in  each 
cytogenetic  sample  for  assessing  the  centromere  8 
frequencies. 
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Statistical  Analysis 

Statistical  analysis  using  the  chi-square  test  evaluated 
each  of  the  patient  samples  versus  the  normal  control,  with  3 
df{a=0.05).  A  similar  comparison  was  made  between  each 
of  the  DU  145  subclones  and  the  DU  145  parental  cell  line  (4 
off;  Q=0.001). 


Results 

Ploidy 

As  previously  reported  for  this  early  passage  number 
[6,7,19,23],  our  analysis  by  SKY  demonstrated  the  DU145 
parental  cell  line  to  have  a  range  of  55  to  63  chromosomes 
per  cell  (Figure  1A).  Because  this  range  is  less  than  three 
times  the  haploid  chromosome  count  and  most  chromo¬ 
somes  were  present  in  three  copies,  this  cell  line  is  probably 
derived  from  a  hypotriploid  stem  line.  The  SCC2  and  SCC3 
cells  were  also  observed  to  be  hypotriploid,  with  ranges  of  59 
to  63  (Figure  1C)  and  60  to  65  (Figure  ID),  respectively. 
The  SCC1  cells,  however,  had  two  distinct  populations  with 
different  ploidy  levels.  In  addition  to  the  hypotriploid  (56-61 ) 
cells,  the  SCC1  subclone  had  cells  with  double  this  ploidy 
(108-122)  or  hypohexaploid  (Figure  IS).  These  results 
were  corroborated  by  interphase  and  metaphase  FISH  on 
the  DU145  cell  lines  (Table  1 ). 

The  LNCaP  cell  line  was  observed  by  interphase  and 
metaphase  FISH  analysis  to  have  two  populations  with 
diploid  and  tetraploid  centromere  8  signals,  reflecting 
previous  data  that  demonstrated  a  mixed  ploidy  in  this  cell 
line  [6,24].  The  PC-3  cells  were  shown  to  have  predomi¬ 
nantly  two  copies  of  centromere  8  signals,  which  is  in 
accordance  with  our  previous  data  that  showed  it  to  be 
hypotriploid  but  with  only  two  copies  of  chromosome  8  [6]. 
FISH  results  for  LNCaP  and  PC-3  are  also  reported  in 
Table  1. 

Since  the  patient  samples  used  in  this  study  were  derived 
from  early -stage,  low-grade  primary  tumors,  it  is  probable 
that  they  have  a  diploid  karyotype  [25,26] .  In  keeping  with 
this  observation,  our  interphase  FISH  observations  showed 
predominantly  two  centromere  8  copies  in  all  the  tumor 
samples  (Table  2). 


Table  1.  Interphase  and  Metaphase  FISH  Analyses  of  the  Centromere  8 
Copy  Number  In  the  CaP  Cell  Lines  and  the  Three  DU145-Derived  SCC 
Cells. 


Cell  Line  Centromere  8  Copy  Number 


1  (%) 

2  (%) 

3  (%) 

4  (%) 

5  (%) 

>6  (%) 

LNCaP 

3.0 

67.0 

6.0 

20.5 

1.5 

2.0 

PC-3 

- 

79.4 

5.9 

10.3 

2.2 

2.2 

DU  145  Parental 

_ 

0.7 

70.0 

21.3 

1.3 

6.7 

DU145  SCC1 

- 

5.1 

79.2 

2.0 

2.5 

11.2 

DU  145  SCC2 

5.5 

89.0 

2.8 

1.4 

1.4 

DU145  SCC3 

- 

1.9 

88.3 

0.6 

3.1 

6.2 

In  each  cell  line,  the  copy  number  with  the  highest  observed  frequency  is  in 
boldface.  There  is  variability  of  the  centromere  8  copy  number  around  the 
modal  values. 


Table  2.  Interphase  FISH  Analyses  of  the  Centromere  8  Copy  Number  in  the 
CaP  Patients. 


Patient 

Centromere  8  copy  number 

1  (%) 

2  (%) 

3  (%) 

>4  (%) 

Normal  blood 

1.0 

96.0 

- 

3.0 

1 

5.4 

79.6 

8.2 

6.8 

2 

4.9 

84.2 

4.9 

6.1 

3 

2.7 

90.3 

6.0 

1.1 

4 

0.8 

86.3 

7.3 

5.7 

5 

1.5 

85.1 

10.5 

3.0 

6 

0.7 

89.8 

7.5 

2.0 

7 

2.5 

91.5 

5.9 

- 

8 

3.6 

48.7 

44.1 

3.6 

9 

10.2 

83.2 

4.4 

2.2 

10 

7.2 

75.5 

5.0 

12.2 

11 

4.9 

76.1 

18.6 

0.4 

12 

3.0 

92.3 

2.7 

1 

13 

9.7 

80.2 

6.9 

3.2 

14 

7,6 

69.6 

14.3 

8.5 

15 

5.0 

86.1 

7.5 

1.5 

In  each  patient,  the  copy  number  with  the  highest  obsen/ed  frequency  is  in 
boldface.  There  is  variabilify  of  the  centromere  8  copy  number  around  the 
diploid  modal  value. 


Aneusomy 

Our  SKY  anaiysis  of  aneusomies  drew  attention  to  a 
number  of  consistent  features  associated  with  karyotype 
evolution  in  each  of  the  subclones  ( Figure  1 ) .  With  the 
exception  of  SCC1,  all  the  cell  lines  had  two  copies  of 
chromosome  4.  In  the  parental  DU  145  and  SCC2  cells,  the 
two  copies  were  comprised  of  the  normal  4  and  derivative  4 
chromosomes.  As  outlined  in  Figure  1,  in  parental  cells 
where  these  chromosomes  were  not  present,  for  instance  in 
cells  9  and  10,  the  der(4)t(4;6)  was  replaced  with  a 
der(4)t(4;15)  and  the  normal  4  was  replaced  with  a 
der(4)t(4;9),  respectively,  to  maintain  the  total  of  two 
copies  of  chromosomes  4.  Similarly,  in  SCC3,  two  copies  of 
chromosome  4  or  derivative  4  chromosomes  were  main¬ 
tained  by  having  any  two  combinations  of  der(4)t(4;6), 
normal  4,  del(4p),  or  der(14)t(3;4;14).  The  exception  to 
this  was  cell  49,  where  a  der(4)t(4;7)  was  observed  in 
place  of  the  normal  chromosome  4  (Figure  ID). 

Several  clonal  rearrangements  were  observed  by  SKY 
analyses  that  were  specific  to  the  parental  or  subclone  cell 
lines.  These  results  are  summarized  in  Figure  1.  For 
example,  the  isochromosome  derivative  14  chromosome, 
ider(14)t(3;14),  was  observed  in  2/17  parental  cells,  but 
not  in  any  of  the  subclones.  The  der(7;8),  which  was  a 
centromeric  fusion  of  the  short  arm  of  chromosome  7(7p) 
and  long  arm  of  chromosome  8(8q),  was  observed  in  the 
parental  cells  (7/17)  but  was  absent  in  the  subclones. 
The  clonal  addition  of  chromosome  10  material  to  lOq, 
add(IOq),  was  present  in  3/17  parental  cells,  absent  in  the 
SCC1  cells,  and  ubiquitous  in  the  SCC2  and  SCC3  cells. 
Several  novel  chromosomal  rearrangements  that  were  not 
previously  observed  in  the  parental  cells  were  identified  in 
the  subclones.  The  der(15;17),  and  the  clonal  addition  of 
chromosome  8  material  to  8q,  add  (8q) ,  were  specific  to  the 
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SCC1  cells.  A  small  derivative  chromosome  15  rearranged 
with  another  minute  indeterminable  partner  chromosome, 
designated  Marker  15,  was  observed  in  only  SCC2  and 
SCC3  cells.  The  del(7)  (p21 ),  and  the  previously  described 
der(14)t(3;4;14),  der(14)t(3;7;14),  and  del(4p)  chromo¬ 
somes  were  observed  clonally  and  only  in  the  SCC3  cells. 

In  addition  to  the  obsen/ed  structural  changes,  chromo¬ 
somal  aneusomy  was  also  evident  as  numerical  changes 
specific  to  the  parental  or  subclone  cell  lines.  As  outlined  in 
Figure  1 ,  SKY  analysis  revealed  that  chromosome  1 0  was 
observed  in  one  or  two  copies  in  the  parental  cells  (4/17  and 
13/17  cells,  respectively),  but  SCC2  and  SCC3  cells 
consistently  had  one  copy.  Similarly,  while  the  parental  cells 
had  one,  two,  or  three  copies  of  chromosome  21  (4/17,  9/ 


17,  and  4/17,  respectively),  trisomy  was  a  more  dominant 
feature  than  disomy  in  the  SCC2  (12/14  and  2/14, 
respectively)  and  SCC3  cells  (9/13  and  4/13,  respec¬ 
tively).  Furthermore,  the  variability  of  chromosome  18  copy 
number  in  the  parental  line  (13/17  disomy,  4/17  monos¬ 
omy)  was  eliminated  in  the  SCC2  and  SCC3  cells  which 
consistently  exhibited  a  single  copy. 

Structural  Aberrations 

SKY  analysis  of  the  DU  145  cell  lines  was  able  to  identify 
all  the  complex  chromosomal  rearrangements  within  the 
DU145  cell  lines.  Of  interest  was  the  der(14)t(3;14),  which 
was  present  in  13/17  cells  of  the  DU  145  parental  cells 
(Figure  1 ).  The  evolution  of  the  der(14)t(3;14)  is  particu- 


Markers  in  Parental  DU145  Rearrangements  in  DU145  and  Subclones 
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Figure  2.  Evidence  of  a  CIN -like  process  in  DU145  cells  as  shown  by  structural  and  numerical  aberrations.  Panels  A,  B,  C:  Representative  marker  chromosomes 
observed  in  parental  DU145  cell  tine  [der(  14)t(3;14):  der(Y)t(Y;20);der(  13)t(2;13)  ],  and  putative  structural  derivatives  thereof  (clonal  and  nonclonal)  in  the 
parental  and  subclone  cell  lines.  Note  the  maintenance  of  the  original  marker  chromosome  in  each  of  the  structural  derivatives  and  progression  from  a  simple  to  a 
more  complex  rearrangement,  suggestive  of  marker  evolution.  Panels  D,  E:  Representative  metaphase  ( Panel  D )  and  interphase  nuclei  ( Panel  E )  FISH  image 
using  centromere  8  probe  (green )  from  the  DU145  parental  cell  line.  Analysis  on  a  cell-by-cell  basis  revealed  frequent  chromosome  8  copy  number  change  in  a 
subpopulation  of  DU145  cells. 
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larly  interesting  (Figure  2A).  Where  this  rearrangement 
was  absent,  rearrangements  involving  the  derivative  14 
chromosome  were  observed:  e.g.,  der(Y)t(Y:3;14;20)  (cell 
3),  der(14)t(3;14;21 )  (cell  4),  and  isoderivative  chro¬ 
mosomes  ider(14)t(3:14)  (cells  5  and  7).  Interestingly, 
the  der(14)t(3:14)  was  also  present  in  SCC1  (12/12)  and 
SCC2  (14/14),  but  absent  in  SSC3  (0/13).  In  SCC3  cells, 
the  der(14)t(3;14)  usually  presented  as  der(14)t(3;4;14) 
(8/13)  or  der(14)t(3:7;14)  (3/13)  rearrangements:  ex¬ 
ceptions  to  this  observation  were  cells  51  and  56,  in 
which  these  chromosomes  were  lost.  Neither  the  novel 
der(14)t(3;4;14)  norder(14)t(3:7;14)  chromosomes  were 
observed  in  the  SCC1 ,  SCC2,  or  the  parental  cell  lines.  The 
occurrence  of  this  der(14)t(3;14)  in  several  different 
rearrangements  in  DU  145  and  its  subclones  is  remarkable 
and  suggests  that  it  may  confer  a  selective  advantage. 

In  Figure  26,  the  der(Y)t(Y;20)  was  also  observed  to 
participate  in  five  different  nonclonal  structural  translocations, 
suggesting  that  the  Y  chromosome  may  be  preferentially 
involved  in  rearrangement.  Similarly,  the  distal  part  of  the 
der(13)t(2;13)  (Figure  2C)  was  involved  in  three  different 
aberrations.  It  is  noteworthy  that  the  breakpoints  involved  in 
the  marker  evolution  of  der(14)t(3:14),  der(13)t(2;13), 
and  der(Y)t(Y;20)  are  all  at  regions  of  repetitive  DNA. 

The  SCC1  cells  demonstrated  a  greater  number  of 
nonclonal  structural  rearrangements  and  gains  and  losses  of 
chromosomes  than  the  other  two  subclones  ( Figure  16).  For 
instance,  in  cell  1 8,  there  were  1 1  novel,  unique  chromosomal 
rearrangements  (not  shown).  Furthermore,  while  in  the 
SCC2,  SCC3,  and  DU  1 45  parental  cells  there  were  consistent 
trends  such  as  the  total  chromosome  4  and  der(14)t(3;14) 
content  reported  above,  this  consistency  was  not  as  apparent 
in  the  SCC1  cells.  Interestingly,  more  marked  variation  was 
observed  even  when  comparing  between  the  hypohexaploid 
cells  (cells  18-21 )  oftheSCCI  cell  line.  For  instance,  cell  18 
had  many  more  nonclonal  structural  and  numerical  aberra¬ 
tions  than  cell  21  (not  shown). 

By  SKY  analysis,  it  was  apparent  that  dicentric  chromo¬ 
somes  were  present  within  the  DU  145  cell  lines.  As 
demonstrated  in  Figure  2C,  the  der(13)t(2;13)  transloca¬ 
tion,  which  is  present  in  almost  every  cell  of  the  DU  145  cell 
lines,  has  two  centromeres.  Also  depicted  are  other 
nonclonal  dicentric  chromosomes.  There  was  no  evidence 
of  double  minutes,  ring  chromosomes,  or  other  chromosomal 
features  associated  with  gross  CIN  in  the  DU145  cell  lines. 

Interphase  FISH 

Results  for  the  FISH  analysis  of  the  CaP  cell  lines  are 
given  in  Table  1,  and  representative  metaphase  and 
interphase  FISH  images  of  the  DU145  parental  cells  are 
depicted  in  Figure  2D  and  E,  respectively.  The  DU145 
parental  cells  were  observed  to  have  a  major  population  of 
cells  with  three  copies  of  chromosome  8  (70%)  and  a 
smaller  population  with  four  copies  (21%) .  SKY  analysis  of 
the  DU  1 45  parental  cells  demonstrated  a  similar  frequency  of 
cells  having  three  copies  of  chromosome  8,  and  cells  having 
four  copies  of  chromosome  8  centromere  when  counted 
together  with  the  additional  der(7;8)  chromosome.  The 


SCC2  and  SCC3  cells  demonstrated  by  FISH  had  less 
centromere  8  copy  number  variation  than  the  parental  DU1 45 
cells,  with  the  majority  of  cells  having  three  copies  (89%  and 
88%,  respectively).  While  the  SCC1  cells  had  similar 
frequencies  of  three  and  four  centromere  copy  numbers 
(79%  and  2%,  respectively)  as  the  other  two  subclones,  it 
also  had  a  relatively  high  frequency  of  cells  with  at  least  six 
copies  (11%),  suggesting  more  genomic  variability  than  the 
other  two  subclones.  The  reduction  in  centromere  8  copy 
number  variation  in  the  DU145  subclones  versus  the  DU145 
parental  cells  was  statistically  significant  ( P<  .001 ) .  It  should 
be  noted  that  in  the  DU145  parental,  SCC1 ,  and  SCC3  cells, 
there  were  no  greater  than  8,14,  and  8  centromere  8  copies, 
respectively.  Notably,  although  by  FISH  it  appeared  that  the 
majority  of  cells  in  the  DU  145  cell  lines  had  three  copies  of 
chromosome  8,  SKY  analysis  distinguished  that  in  SCC2  and 
SCC3  cells,  these  were  all  normal  copies  of  chromosome  8, 
but  that  in  DU145  parental  cells  one  of  the  chromosome  8 
copies  maybe  involved  in  a  der(7;8)  translocation,  and  in  the 
SCC1  cells  there  was  additional  chromosome  8  material  at 
the  qter  in  one  of  the  copies. 

FISH  analysis  of  the  LNCaP  cells  showed  most  cells  to 
have  two  copies  of  centromere  8  signals  (67%),  and  a 
smaller  percentage  of  cells  to  have  four  copies  (20%) .  The 
PC- 3  cells  had  predominantly  two  copies  of  centromere  8 
(79%),  and  a  smaller  percentage  of  cells  with  four  copies 
(10%),  most  likely  representing  cells  in  G2  phase  of  the  cell 
cycle.  Interestingly,  both  cell  lines  were  observed  to  have 
variation  of  centromere  8  copy  number  (Table  1 ) . 

Examination  of  the  centromere  8  copy  number  by  inter¬ 
phase  FISH  in  the  CaP  patient  cohort  (Table2)  demonstrated 
that  the  majority  of  cells  had  predominantly  two  centromere  8 
copies.  Furthermore,  as  compared  to  the  normal  control,  the 
patient  cohort  had  a  statistically  significant  ( P<  .05 ) ,  greater 
frequency  of  cells  with  one  and  three  centromere  8  copies. 
While  many  cells  also  had  some  frequency  of  four  copies,  it  is 
indeterminate  without  further  analysis  if  these  cells  are  in  the 
G2  phase  of  the  cell  cycle,  similar  to  the  normal  control,  or  are 
truly  aberrant.  Of  interest,  four  patients  had  a  trisomy  of 
centromere  8  of  greater  than  1 0%,  with  patient  1 0  having  the 
greatest  frequency  of  44%.  Also,  one  patient  had  a  frequency 
of  monosomy  of  the  centromere  8  signal  at  1 0%. 


Discussion 

Features  expected  of  tumors  expressing  CIN  include 
aneuploidy  and  random  chromosomal  alterations,  including 
aneusomy  and  structural  rearrangements  [27,28] .  CIN  may 
be  associated  with  aberrations  in  mitotic  spindle  checkpoints 
[29]  and  genes  such  as  hBUB1  and  MAD2  [14,15], 
aberrant  sister  chromatid  exchange  [30],  DNA  repair  path¬ 
ways  [31],  and  abnormal  centrosome  copy  numbers  or 
amplification  [32-35].  In  a  more  recent  study,  breakage- 
fusion-bridge  cycles  have  been  implicated  in  generating 
CIN  [36].  Interestingly,  some  tumors  exhibit  both  micro¬ 
satellite  instability  as  well  as  CIN  [15,37,38]  as  is  the  case 
for  DU  145  [39].  However,  to  date,  there  has  been  no  direct 
evidence  implicating  CIN  in  CaP. 
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Giemsa  banding  and  SKY  analysis  of  DU145,  reported 
previously  [6,7],  demonstrated  that  this  cell  line  had  a 
complex  karyotype  with  some  evidence  of  numerical  varia¬ 
tion  suggestive  that  a  CIN -like  process  may  be  operational. 
SKY  analysis  was  performed  on  the  DU  145  parental  cells, 
and  as  outlined  in  Figure  1,  the  pattern  of  chromosomal 
aberrations  exhibits  a  high  degree  of  cytogenetic  hetero¬ 
geneity.  To  investigate  whether  this  karyotypic  heterogeneity 
was  due  to  the  presence  of  multiple  clones  within  the  DU145 
cell  population,  or  had  arisen  de  novo  because  of  CIN,  three 
DU  145 -derived  subclones  were  studied  by  SKY  analysis. 

Since  the  three  subclones  were  initially  seeded  as  single 
cells  derived  from  the  parental  cell  population,  it  would  be 
expected  that  they  should  maintain  a  high  degree  of 
karyotypic  clonality  and  concordance  with  each  other  unless 
inherent  instability  was  present.  While  it  is  possible  that  the 
high  proliferation  rate  of  in  vitro  growth  may  exaggerate 
inherent  instability,  it  is  clear  that  significant  deviations 
between  the  subclones  implicate  a  CIN-like  process.  As 
summarized  in  Figure  1 ,  while  these  clones  demonstrated  an 
increased  homogeneity  of  structural  and  numerical  aberra¬ 
tions  as  compared  to  the  DU  145  parental  cells,  there  were 
indications  that  de  novo  translocations  occurred  and  that 
numerical  aberrations  were  generated  or  lost  within  two  to 
five  passages  following  subclone  generation.  These  inclu¬ 
de:  del(4p),  del(7)(q21),  der(7;8)  add(8q),  der(IOq), 
ider(14)t(3;14),  der(14)t(3;14),  der(14)t(3;4;14),  der 
(14)t(3;7;14),  Marker  15,  der(15;17),  and  copy  number 
changes  for  chromosomes  4,  10,  18,  and  21.  Furthermore, 
from  Figure  1 ,  it  is  apparent  that  SCC1  demonstrated  a  more 
heterogeneous  karyotype  than  the  SCC2  and  SCC3  cells, 
with  a  bimodal  population  of  hypotriploid  and  hypohexaploid 
cells  and  a  greater  overall  number  of  chromosomal  aberra¬ 
tions  (Table  3). 

Detailed  examination  of  the  relative  distribution  of  marker 
chromosomes  in  the  three  subclones  also  identified  some 
preferred  patterns  of  chromosomal  aberration  as  the 
respective  karyotypes  evolved.  For  instance,  while  there 


Table  3.  Quantification  of  Clonal  and  Nonclonal  Changes  Per  DU145  Cell 
Line. 


Cell  Line 

Clonal  Changes 

Nonclonal  Changes 

DU  145  Parental 

Total 

11 

40 

Normalised 

0.65 

2.35 

DU145  SCC1 

per  cell 

Total 

8 

23 

Normalised 

0.67 

1.92 

DU  145  SCC2 

per  cell 

Total 

1 

13 

Normalised 

0.07 

0.93 

DU  145  SCC3 

per  cell 

Total 

8 

14 

Normalised 
per  cell 

0.62 

1.08 

For  each  cell  line,  the  total  numbers  of  clonal  and  nonclonal  changes  were 
determined  and  normalised  by  dividing  by  the  total  number  of  cells  analyzed 
(17, 12, 14,  and  13,  respectively).  These  results  objectively  support  that  there 
is  more  homogenous  pattern  of  numerical  changes  in  SCC2  than  in  SCC3 
and  SCC1.  Note  that  the  rate  of  nonclonal  changes  approaches  that  of  the 
parental  DU  145  cell  line,  indicating  the  presence  of  a  CIN-like  process. 


was  copy  number  variation  of  chromosome  4  in  all  the 
DU145  cell  lines,  in  general  there  were  at  least  two  copies  of 
chromosome  4  present  per  cell  either  as  normal  copies  or 
involved  in  a  derivative  chromosome  4  rearrangement. 
Similarly,  although  the  der(14)t(3;14)  was  present  in  the 
SCC1,  SCC2,  and  DU145  parental  cells,  it  was  involved  in 
novel  clonal  rearrangements  in  SCC3  cells  (Figure  2/4), 
suggesting  that  selective  forces  favor  acquisition  of  specific 
markers  or  combinations  of  certain  chromosomal  regions.  In 
this  regard,  it  is  noteworthy  that  rearrangement  often  took 
place  at  sites  rich  in  repetitive  DNA  such  as  distal  Yp,  13p, 
and  14p.  Overall,  there  appeared  to  be  some  consistent 
features  associated  with  the  chromosomal  constitution  within 
each  subclone,  but  closer  analysis  of  the  aberrations  by  SKY 
indicated  that  chromosomal  gain  may  be  achieved  by  both 
simple  numerical  gain  and/or  unbalanced  structural  translo¬ 
cation.  These  results  also  draw  attention  to  the  potential 
limitations  of  comparative  genomic  hybridization  (CGH)  in 
the  analysis  of  tumors  exhibiting  a  high  degree  of  complexity 
of  rearrangements,  since  it  is  usually  only  possible  to 
determine  the  average  level  of  chromosomal  imbalance  with 
this  method  [40]. 

Our  results  suggested  that  intrinsic  aneusomy  would  also 
be  measurable  by  FISH  analysis.  Cell -by- cell  analysis  of 
numerical  change  as  determined  by  FISH  using  the 
centromere  8  probe  with  LNCaP,  DU  145,  PC -3,  and 
DU  145 -derived  subclones  correlated  well  with  the  findings 
concerning  chromosomal  loss  and  gain  identified  by  SKY 
(Table  1 )  [6] .  Furthermore,  it  was  apparent  that  there  was 
variation  in  both  the  mean  chromosome  number  and  the 
range  or  spread  of  centromere  8  signals  obsen/ed  in  all  cell 
lines  and  subclones,  suggesting  that  chromosomal  segrega¬ 
tion  errors  may  be  a  general  feature  of  CaP  cell  lines. 
Examination  of  the  levels  of  aneusomy  determined  by 
centromere  8  FISH  analysis  of  cells  derived  from  primary 
tumor  tissue  revealed  a  modal  distribution  of  frequencies 
with  the  majority  of  cells  being  close  to  diploid.  Even  if  some 
bias  towards  diploidy  —  due  to  the  unavoidable  admixture  of 
normal  stromal  and  epithelial  components  with  the  tumor 
epithelial  cells  in  these  preparations  —  is  considered,  then 
the  level  of  monosomy  and  trisomy  is  excessive  in  several 
tumor  samples.  Taken  together,  the  levels  of  aneusomy  for 
chromosome  8  present  in  cell  line  and  primary  tumor  tissue 
are  suggestive  that  CIN  may  be  an  early  feature  of  the 
disease  process  in  CaP. 

In  summary,  the  results  suggest  that  1 )  SKY  is  a  valuable 
screening  tool  for  the  delineation  of  genomic  instability  in 
tumor  cells;  2)  a  CIN-like  process  is  an  intrinsic  feature  of 
the  DU  145  cell  line  leading  to  excessive  numerical  and 
structural  alterations  to  chromosomes;  3)  there  appears  to 
be  preferred  sites  of  rearrangement  at  chromosomal  regions 
rich  in  repetitive  DNA;  4)  the  combination  of  such  a  CIN-like 
process  and  cell  selection  will  lead  to  rapid  acquisition  of 
novel  combinations  of  chromosomal  aberrations  within  a 
given  tumor  cell  population;  5)  there  may  be  different 
inherent  rates  of  this  CIN-like  process,  as  demonstrated  by 
the  variation  within  the  three  subclones;  and  6)  excessive 
aneusomy  of  chromosome  8  in  early-stage  CaP  tumors 
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suggests  that  a  CIN -like  process  may  initiate  the  numerical 
variation  upon  which  selective  forces  subsequently  operate. 
In  this  regard,  the  adaptive  capacity  of  a  tumor  may  be 
defined  by  its  higher  intrinsic  rate  of  instability.  Given  that  no 
specific  tumor- suppressor  genes  or  dominant  oncogenes 
have  been  associated  with  CaP  to  date,  the  role  of  CIN  in 
CaP  tumorigenesis  and  perhaps  other  tumor  systems  in 
general  may  warrant  further  investigation  as  an  alternate 
model  of  oncogenesis. 
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Identification  of  numerical  chromosomal  changes  detected  by  interphase  FISH  in 
high-grade  prostrate  intraepithelial  neoplasia  (HPIN)  as  a  predictor  of  carcinoma. 
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ABSTRACT: 

p53  mutation  has  been  shown  to  be  associated  with  chromosomal  instability  (CIN)  in 
many  human  dysplastic  and  neoplastic  lesions.  However  the  precise  role  of  p53  in  the 
pathogenesis  of  Pea  is  unknown.  Topographic  analysis  of  p53  alteration  using 
Immunohistochemistry  (IHC)  was  performed  on  35  archived  prostatectomy  specimens 
containing  Pea  foci,  HPfN  foci  intermingled  with  cancer  (HPINI)  and  situated  away 
(HPINA).  A  subset  of  specimens  was  topographically  genotyped  using  Laser  capture 
microdissection,  PCR  amplification  and  direct  sequencing  of  p53  exons  5-9.  CIN  was 
evaluated  in  the  same  tissue  foci  by  interphase  in  situ  hybridization  (IFISH)  using 
centromere  probes  for  chromosome  7,  8  and  Y.  p53  immunoreactivity  was  found  in  20%, 
17%,  0%,  and  0%  in  Pea,  HPINI,  HPINA,  and  benign  epithelium  respectively.  p53 
molecular  analysis  showed  complete  concordance  with  IHC.  IFISH  revealed  numerical 
chromosomal  alterations  in  keeping  with  CIN  in  71%  and  25%  of  p53+ve  and  p53-ve  Pea 
respectively  (P=0.0.1),  67%  and  0%  of  p53+ve  and  p53-ve  HPIN  respectively  (P<0.02) 
and  in  27%  and  0%  of  HPINI  and  HPINA  respectively.  We  concluded  that  p53  mutation 
is  an  early  change  in  at  least  a  subset  of  Pea.  HPINI  foci  tend  to  have  higher  overall  p53 
immunoreactivity  and  CIN  than  HPINA.  The  presence  of  p53  mutation  in  HPIN  was 
associated  with  the  presence  of  chromosomal  instability  as  determined  by  IFISH.  Also 
our  study  provided  additional  evidence  in  support  of  the  concept  that  HPIN  is  the  earliest 
precursor  of  cancer.  Furthermore  our  studies  identify  genomic  similarities  in  HPINI  and 
Pea,  implying  that  carcinoma  may  arise  from  progression  of  certain  HPIN  foci  that  most 
likely  harbor  p53  mutation  and/or  more  CIN. 


3 


Jaudah  Al-Maghrabi 


Key  words:  Chromosomal  instability,  in  situ  hybridization,  prostate  intraepithelial 
neoplasia,  Prostate  carcinoma,  p53  sequencing,  Immunohistochemistry, 


4 


Jaudah  Al-Maghrabi 


5 


Jaudah  Al-Maghrabi 


BACKGROUND: 

The  reported  frequency  of  mutation  of  the  p53  tumor  suppressor  gene  in  Pea  has  varied 
widely,  ranging  from  3%  to  72%  in  carcinomas  of  the  prostate  and  0%  to  68%  in  HPIN 
(1-7)  (8).  In  the  literature  there  is  controversy  about  the  question  of  whether  p53 
alteration  is  an  early  or  late  genetic  change  (1,  6,  7,  9-13).  Striking  heterogeneity  of  p53 
mutation  in  prostate  cancer  has  been  reported  (14)  and  different  mutated  alleles  were 
found  among  multiple  tumor  foci  in  single  glands  (14,  15).  p53  has  been  found  to  be 
associated  with  genomic  instability  leading  to  chromosomal  rearrangement  which  in  turn 
has  been  demonstrated  as  a  feature  of  many  neoplastic  and  preneoplastic  (dysplastic) 
human  epithelia  (16-28).  The  transition  from  preinvasive  disease  to  invasive  carcinoma 
was  shown  to  be  associated  with  changes  in  the  number  of  chromosome  copy  and  that 
coincide  with  the  loss  of  TP53  function.  Whether  there  is  a  role  of  chromosomal 
instability  in  the  progression  of  HPIN  foci  to  invasive  cancer  and  whether  is  that 
influenced  by  heterogeneity  in  the  p53  expression  between  different  HPIN  foci  is  still 
unknown. 

The  objectives  of  this  project  are:  firstly  to  study  the  p53  mutation  pattern  in  HPIN  foci 
which  are  intermingled  with  cancer  and  to  compare  them  with  different  isolated  HPIN 
foci  situated  in  the  same  gland  but  away  from  any  cancer  foci  and  secondly,  to  study  the 
relation  between  p53  mutation  and  chromosomal  instability  in  precancerous  and 
malignant  prostate  epithelium.  We  have  found  that  HPINI  foci  tend  to  have  higher 
incidence  of  p53  immunoreactivity  and  CIN  than  HPIN  A.  We  concluded  that  p53 
impaired  function  at  the  transition  from  prostate  premalignant  stages  to  invasive 
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carcinomas  is  an  important  cellular  event  in  a  subset  of  Pea  that  coincides  with  the 
acquisition  of  chromosomal  instability  known  to  play  a  role  in  the  carcinogenesis  of  Pea. 


MATERIAL  AND  METHODS: 

Patients  accrual 

Tissue  samples  were  obtained  from  prostate  carcinoma  resected  at  Toronto  General 
Hospital  and  Surmybrook  and  Women's  College  Health  Science  Center,  Toronto,  Ontario, 
Canada.  A  total  of  35  cases  were  selected  based  on  the  presence  of  HPIN  foci 
intermingled  with  cancer  and  HPIN  foci  separated  from  cancer  with  no  other  cancer  foci 
in  the  serial  blocks  superior  and  inferior  to  that  particualr  foci. 

Immunohistochemistry  staining: 

Immunohistochemistry  was  performed  on  archival  formalin  fixed  paraffin  embedded 
sections  (5  pm)  from  prostatectomy  specimens  containing  both  prostate  carcinoma  and 
HPIN  foci.  The  appropriate  control  was  used.  Monoclonal  antibody  to  p53  (D07  clone; 
Novocastra  Laboratories  Ltd.,  Newcastle,  England)  was  applied  using  avidin-biotin 
peroxidase  complex  (Elite  kit;  Vector  Laboratories,  Burligame,  CA).  The  positive  control 
for  p53  immunoreactivity  consisted  of  formalin-fixed  sections  from  an  adenocarcinoma 
of  breast  and  bladder  transitional  cell  carcinoma.  Negative  internal  controls  were  stromal 
cells.  Immunoreactivity  (IR)  was  categorized  semi-quantitatively  from  0  to  4+  (0  =  no  IR, 
1+  =  1  %  to  10%,  2+  =11%  to  40%,  3+  =  41  %  to  70%,  4+  =  71  %  to  100%).  Staining 
was  defined  as  positive  whenever  any  specific  nuclear  brown  staining  is  detected.  Any 
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disagreement  in  quantification  was  reviewed  by  both  observers,  and  a  consensus  score 
was  agreed  upon. 


Interphase  FISH  analysis 

Interphase  FISH  has  been  performed  on  5  micron  unstained  tissue  sections  of  the  same 
blocks  used  for  the  p53  study,  using  adjacent  H&E  stained  sections  as  guidance.  Directly 
labeled  VYSIS  CEP  probes  for  chromosomes  7,  8,  X  and  Y  have  been  used  Paraffin 
pretreatment  and  FISH  procedure  has  been  performed  according  to  the  company 
instruction  (Vysis,  Inc.,  Downers  Grove).  Dual-probe  hybridization  has  been  performed. 
For  each  probe  100  nuclei  has  been  counted  by  each  observer.  Chromosome  X  was  used 
as  an  internal  hybridization  control  for  chromosome  Y  to  determine  whether  any  apparent 
loss  of  Y  was  due  to  inadequate  hybridization.  The  chromosome  X  signals  were  not 
enumerated. 

Criteria  of  Scoring  and  evaluation  of  numerical  chromosomal  anomalies 

In  preliminary  experiments  the  hybridization  efficiency  of  every  probe  has  been  tested  on 
prostate  tissues.  Slides  were  evaluated  according  to  the  accepted  criteria  (29).  Briefly 
only  sections  with  hybridization  in  at  least  80%  of  cells  were  evaluated.  For  each  probe 
two  independent  investigators  have  counted  the  number  of  FISH  signals  in  200  non- 
overlapped  intact  (spherical)  interphase  nuclei  from  foci  of  HPIN.  The  number  of  signals 
per  nucleus  has  been  scored  as  (0,1,  2,  3, 4,  and  >4)  signal  per  nucleus.  Nuclei  from 
stromal  element  have  not  been  enumerated.  Normal  and  hyperplastic  glandular 
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epithelium  present  in  the  biopsies  was  counted  as  internal  control.  Due  to  truncation  of 
the  nuclei,  artifact  loss  of  signals  is  expected;  however  we  have  applied  very  conservative 
criteria  to  detect  any  significant  true  numeric  changes.  Our  criteria  to  evaluate  numeric 
chromosomal  abnormality  is  as  follows: 

1)  Chromosomal  gains  have  been  diagnosed  when  more  than  8%  of  the  nuclei  exhibit 
more  than  two  signals  (or  one  for  chromosome  Y). 

2)  Chromosomal  losses  have  been  diagnosed  when  more  than  50%  of  the  nuclei  exhibit  a 
reduetion  of  signal  number. 

3)  Tetraploidy  has  been  suspected  when  the  percentage  of  nuclei  with  3  and  4  signals  (or 
2  for  Y  chromosome)  was  similar  for  both  chromosomes  7  and  8.  These  cutoff  values 
were  adopted  from  the  available  literature  (30-34).  In  our  study  as  in  others,  no  BPH 
specimens  or  normal  prostate  epithelium  contained  values  that  exceeded  these  criteria. 

p53  sequencing 

Laser  capture  microdissection  (LCM)  and  Genomic  DNA  extraction 

LCM  has  been  performed  with  a  Pixcell  II  Laser  Capture  Microscope  (Arcturus 
Engineering,  Mountain  View,  CA)  in  the  Ontario  Cancer  Institute.  Tissue  (4-5  p 
thickness)  have  been  used  and  foci  of  choice  have  been  dissected  as  described  (35,36). 
DNA  was  extracted  as  previously  described  (37).  DNA  has  been  analyzed  for  p53 
mutation  by  p53  sequeneing  method.  DNA  sequences  of  p53  (exons  5-9)  have  been 
amplified  by  PCR.  sequencing  analysis  has  been  done  using  p53  Mutation  Detection 
GeneKitTM  (VISIBLE  GENETICS  INC,  http://www.visgen.comI .  Each  exon  has  been 
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sequenced  separately  using  3  prime  primer  and  those  with  any  abnormality  the  other  5 
prime  direction  was  done  to  confirm  the  findings. 

STATISTICAL  ANALYSIS: 

McNemar  test  was  used  to  examine  the  difference  between  HPINA  and  HPINI  in  the 
same  gland  regarding  p53  positivity  and  numeric  chromosomal  changes  (CIN).  Z  test 
was  used  to  analyze  the  difference  between  p53+ve  and  p53-ve  HPIN  regarding  CIN.  The 
same  test  was  used  to  examine  also  the  difference  between  p53+ve  and  p53-ve  Pea 
regarding  CIN. 

RESULTS: 

We  identified  35  prostatectomy  specimens  that  have  Pea  with  intermingled  HPIN  foci 
and  at  the  same  time  have  HPIN  foci  that  are  completely  separated  from  the  cancer  foci 
and  admixed  with  benign  epithelium  (Figure  1).  We  have  performed  p53  analyses  using 
immunohistochemistry  (D07)  on  representative  sections  of  these  specimens.  Tables  1 
summarizes  the  overall  p53  and  chromosomal  anomalies  in  Pea,  HPINI,  HPINA  and 
benign  prostate  epithelium.  Seven  cases  (20  %)  stained  positively  for  p53  in  Pea  foci 
(Figure  2A-C).  Immunoreactivity  in  those  positive  cases  was  categorized  semi- 
quantitatively  as  follows:  3  cases  as  1+,  2  cases  as  2+,  and  2  cases  as  3+.  There  was  a 
remarkable  similarity  between  HPINI  and  Pea  in  the  p53  immunoreactivity  since  six  of 
those  seven  cases  (86%)  also  stained  positively  in  the  HPINI  (Figure  2A-D).  None  of 
those  7  cases  showed  immunoreactivity  in  the  HPINA  in  the  same  glands  (Figure  2E). 
None  of  p53  negative  cancers  showed  positively  in  the  HPIN  foci.  The  normal,  atrophic 
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and  hyperplastic  tissue  situated  in  the  same  sections  showed  negative  staining  in  all  the 
cases  (Figure  2F).  When  this  results  were  compared  to  pathological  findings  there  was  no 
statisticaly  significant  difference  between  the  p53  positive  and  p53  negative  cases 
regarding  Gleason  grade,  volume  of  the  tumor,  perineural  invasion,  seminal  vesicle 
involvement  and  lymph  nodes  metastasis.  In  5  out  of  7  p53+ve  cases,  pathological 
examination  showed  extraprostatic  extension  and  that  finding  was  seen  in  10  patents  out 
of  28  of  the  p53  negative  cases  (P=0.1).  Focal  cytoplasmic  staining  was  seen  in  4  cases 
(pt  3,5,1 1  and  20)  in  the  Pea  and  HPIN  foci  and  was  counted  as  negative.  Focal  p53  basal 
staining  has  also  been  seen  in  about  30%  of  the  cases  in  the  hyperplastic  foci  but  that 
finding  has  been  found  very  rarely  in  HPINf  foci.  p53  sequencing  analysis  has  been 
performed  for  exons  5-9  using  a  laser  captured  microdissected  specimens  from  Pea, 

HPIN  foci  and  benign  epithelium  (figure  3)  from  2  selected  patients  (one  positive  and  one 
negative  for  p53  by  IHC).  In  the  patient  with  p53  immunoreactivity  (pt  34),  sequencing 
analysis  revealed  that  the  tumor  foci  harbored  point  mutation  TGT  at  codon  273  instead 
of  wild-type  TGC  in  the  highly  conserved  transcript  region  at  exon  8  substituting  the 
encoded  amino  acid  from  arginine  to  cystine  (Figure  4).  The  mutation  has  been 
confirmed  using  primers  from  both  3’  and  5’  direction. .  The  other  patient  (pt  9)  with  a 
negative  p53  by  Immunohistochemistry  showed  chromosomal  instability  in  cancer  foci, 
so  p53  sequencing  analysis  has  been  performed  on  normal  foci,  HPIN  and  cancer  from 
that  patient  to  see  whether  cancer  foci  harbor  termination  mutation  in  p53  which  might  be 
missed  by  Immunohistochemistry.  The  analysis,  however,  revealed  that  all  those  foci 
harbor  a  wild  type  p53.  Our  results  showed  complete  concordance  between  molecular 
and  IHC  in  all  the  samples  examined.  IFISH  analysis  for  chromosomes  7,  8  and  Y  was 
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performed  to  assess  chromosomal  instability  in  sections  from  the  same  blocks  used  for 
IHC  analysis.  Numeric  chromosomal  aberrations  were  found  in  27%  of  HPfNI  and  47% 
of  Pea  (figure  5-6).  There  were  no  statistical  significant  differences  in  the  frequency  of 
chromosomal  anomalies  between  HPfNI  and  Pea  and  the  overall  frequencies  of  numeric 
chromosomal  anomalies  between  them  were  similar.  Numeric  chromosomal  aberrations 
were  found  in  5/7  and  4/6  of  the  p53  4-ve  Pea  and  p53  +ve  HPIN  respectively.  On  the 
other  hand  numeric  chromosomal  abnormality  has  been  seen  only  in  2/8  of  p53-ve  Pea 
and  in  none  of  the  p53-ve  HPfN  including  both  HPIN  which  intermingled  with  cancer 
and  those  situated  away.  Gain  of  chromosome  8  was  the  most  frequent  change  in  both 
HPIN  and  Pea  followed  by  gain  of  chromosome  7.  Chromosome  Y  aneusomy  was  seen 
in  2  cases  of  Pea  (Pt  6  as  Y  chromosome  gain  and  Pt  26  as  chromosome  Y  loss)  and  in 
both  cases  the  intermingled  HPIN  foci  showed  similar  changes.  No  CIN  has  been 
detected  in  the  normal,  hyperplastic,  or  atrophic  epithelium.  It  was  interesing  to  notice 
ocasionally  that  early  stromal  invasion,  the  earliest  morphologic  indication  of 
carcinomas,  occurs  at  sites  of  acinar  outpouching  and  basal  cell  disrubtion  in  acini  with 
HPIN 

DISCUSSION: 

In  agreement  with  other  studies  (6,  7,  38-42)  our  result  showed  that  p53  mutation  occurs 
relatively  infrequently  in  Pea  (20%)  compared  to  other  human  cancers  like  colon, 
esophagus  and  lung  cancer.  P53  mutation  was  seen  more  commonly  in  Pea  than  HPIN. 
However,  the  presence  of  HPIN  foci  with  positive  staining  for  p53  indicated  that  in  a 
subset  of  Pea,  the  mutation  could  occur  at  earlier  stage  of  cancer  pathogenesis.  Our  study 
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showed  heterogeneity  of  p53  positivity  in  the  HPIN  foci  in  the  same  gland  where  foci  of 
HPIN  intermingled  with  p53  positive  cancer  foci  tend  to  have  higher  incidence  of  p53 
alteration  than  isolated  HPIN  situated  away  from  cancer  and  admixed  with  benign 
epithelium.  While  86%  of  HPINI  in  p53+ve  Pea  showed  p53  positivity  ,  none  of  HPINA 
was  positive  (P<0.05).  That  may  explaine  some  of  the  controversy  in  the  literature 
regarding  the  incidence  of  p53  mutation  in  HPIN.  Our  study  did  not  show  positive 
nuclear  staining  in  the  adjacent  normal,  hyperplastic  or  atrophic  foci  including  those 
tissues  adjacent  or  intermingled  with  cancer  foci  in  any  of  the  cases.  This  findings  are  not 
in  favor  of  the  recently  proposed  ideas  that  atrophy  may  give  rise  to  carcinoma  (43).. 
More  than  98%  of  all  p53  mutations  are  located  in  exons  5-9  (44,  45).  We  have 
performed  p53  sequencing  analysis  for  exons  5-9.  Sequencing  analysis  has  been 
performed  using  a  laser  captured  microdissected  specimens  from  Pea,  HPIN  foci  and 
benign  epithelium.  It  has  been  done  on  a  subset  of  cases  (samples  from  2  patients)  to 
confirm  the  IHC  finding  and  the  correlation  was  100%  between  the  two  techniques.  We 
have  applied  a  laser  capture  microdissection  technique  which  enable  us  to  dissect  very 
pure  Pea  and  HPIN  foci  with  no  contamination.  The  discrepancies  between  IHC  and 
PCR-SSCP  that  has  been  reported  by  some  reviewer  in  Pea  could  be  due  to 
contamination  by  normal  tissue  or  foci  without  an  apparent  mutation  because  of  the 
heterogeneity  of  Pea.  Still,  IHC  does  not  detect  all  alteration  that  may  affect  p53  function 
such  as  LOH  at  the  p53  locus,  nonsense  or  splice  site  mutations  or  amplification  of  the 
MDM-2  gene,  but  all  of  these  are  very  rare  in  prostate  cancer.  Generally  a  good 
correlation  between  p53  alteration  detected  by  IHC  and  molecular  studies  has  been  noted 
in  prostate  cancer  (4,  7,  42,  46, 47).  Hall  et  al  found  complete  agreement  between  IHC 
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and  TP53  SSCP  analysis.  Wertz  et  al  (46)  reported  85%  overall  agreement  between  tbe 
two  methods  while  the  concordance  was  76.7%  by  Salem  et  al  (7).  In  one  of  our  cases  a 
point  mutation  has  been  seen  at  codon  273  changing  the  amino  acid  from  arginine  to 
cystine.  p53  mutation  at  codon  273  has  been  described  in  Pea  (10,  48-50).  G:C-to-A:T 
transitions  were  the  most  common  point  mutations  (64%)  in  prostate  cancer  (10).  Six 
(55%)  of  1 1  G:C-to-A:T  transitions  occurred  at  CpG  dinucleotides  in  five  hot-spot 
codons  (175,  245,  248,  273,  and  282)  and  it  was  suggested  that  specific  p53  mutations 
participate  in  the  progression  of  human  prostate  cancer  and  may  be  predictive  of 
metastasis  (10). 

Our  study  as  well  as  some  other  recent  studies  (both  in-vitro  and  in-vivo)  have 
demonstrated  such  correlation  between  loss  or  mutation  of  p53  and  chromosomal 
instability  (51-61).  More  recently  centrosome  hyperamplification  was  found  to  be  the 
major  mechanism  responsible  for  chromosomal  instability  in-vitro  and  in-vivo  (56,  57, 
62-64).  Centrosome  is  the  major  microtubule-organizing  center  and  required  for  spindle 
bipolarity,  spindle  microtubule  assembly  and  balanced  segregation  of  the  chromosomes 
(65).  A  very  strong  correlation  has  been  found  between  p53  loss  or  mutation  and 
centrosome  hyperamplification  (25,  53,  57,  65).  Breast  carcinoma  and  squamous  cell 
carcinoma  of  the  head  and  neck  with  either  p53  deletion  or  mutation,  show  centrosome 
hyperamplification  (56,  62,  63). 

IFISH  analysis  for  chromosomes  7,  8  and  Y  was  performed  to  assess  chromosomal 
instability.  We  used  these  chromosomes  to  assess  CIN  because  they  are  the  most 
frequently  affected  chromosomes  in  prostate  cancer  pathogenesis.  Although  CIN 
represents  generalized  changes  in  the  cellular  chromosomes,  it  is  selective  for  certain 
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chromosomes  in  carcinogenesis  of  different  organs.  Our  finding  revealed  numeric 
chromosomal  aberrations  in  5/7  and  2/8  of  p53  positive  and  p53  negatives  Pea 
respectively  (P=0.1).  On  the  other  hand  the  presence  of  any  numeric  chromosomal 
abnormality  has  been  seen  in  4/6  and  0/9  of  p53  positive  and  p53  negative  HPIN 
(P<0.02).  Generally  none  of  the  p53-ve  intermingled  and  away  HPIN  foci  showed  any 
chromosomal  abnormality.  So  generally  HPINI  tend  to  have  more  CIN  than  those 
situated  away  (4/15  vs.  0/15)  with  statisticaly  significance  difference  (P<0.05).  No  CIN 
has  been  detected  in  the  normal,  hyperplastic,  or  atrophic  epithelium  and  those  areas 
showed  no  p53  alteration  either.  This  suggest  that  those  HPINI  foci  may  represent  the 
source  of  the  adjacent  invasive  component  while  the  other  isolated  HPIN  A  foci  which 
admixed  with  benign  epithelium  may  still  be  in  the  early  stages  of  the  carcinogenesis 
pathway  and  probably  require  more  CIN  to  progress  to  invasive  cancer.  This  also 
suggested  that  p53  mutation  may  play  a  role  in  the  progression  of  HPIN  to  invasive 
cancer  and  this  could  happen  through  induction  of  chromosomal  instability. 

We  applied  IFISH  on  sections  from  the  same  blocks  that  have  been  used  for  p53  IHC  and 
that  enabled  us  to  compare  the  findings  of  the  two  assays  in  the  same  foci  of  tissue. 

IFISH  has  higher  sensitivity  than  other  methods  used  for  this  purposes  such  as  CGH, 
which  detects  copy  number  changes  if  they  are  present  in  more  than  50%  of  the  cell 
population  (19).  IFISH  can  identify  CIN  in  a  small  subpopulations  of  interphase  cells 
(66),  allowing  the  detection  of  infrequent,  possibly  random  changes  before  they  lead  to 
clonal  expansion  (18).  Using  IFISH  on  pretreatment  and  post  anti-androgen  therapy 
prostate  cancer  specimens,  Karashima  et  al  found  a  remarkable  reduction  in  the  number 
of  cells  with  extra  copies  of  chromosome  7  and  8  (67). 
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Our  IFISH  results  showed  that  gain  of  chromosome  8  is  the  most  frequent  finding  in  both 
HPIN  and  Pea.  c-Myc  gene  is  located  in  the  8q  arm  and  gain  of  chromosome  8  indicated 
an  extra  copy  of  that  important  oncogene.  The  role  of  c-Myc  in  the  mechanism  of  CIN 
has  been  recently  described.  Extra  copies  of  the  c-Myc  gene  were  identified  in  52  and 
44%  of  the  high-grade  PIN  and  carcinoma  foci,  respectively  (68),  and  by  Mark  et  al  in 
31%  of  Pea  [Mark,  2000  #21.  In  some  cancers  displaying  CIN,  the  loss  of  checkpoint  was 
associated  with  the  mutational  inactivation  of  a  human  homologue  of  the  yeast  BUB  1 
gene.  BUBl  controls  mitotic  checkpoints  and  chromosome  segregation  in  yeast  (69). 
Disruption  of  the  mitotic  spindle  checkpoint  is  one  of  the  underlying  mechanisms  leading 
to  aneuploidy  and  alterations  of  hsMAD2  and  hBUBl.  This  mechanism,  assumed  to  take 
part  in  the  spindle  checkpoint  in  human  cells,  has  been  found  to  be  associated  with 
chromosomal  instability  in  some  tumor  cell  lines  (8).  However  there  is  no  study  on  these 
genes  in  prostate  tumors.  Other  possible  mechanisms  may  be  involved  in  the  causation  of 
CIN  such  as  shortened  telomeres,  hypomethylation,  activation  of  certain  genes  or 
inactivation  of  tumor  suppressor  genes. 
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CONCLUSION 

We  demonstrated  that  p53  mutation  is  an  early  change  in  at  least  a  subset  of  Pea.  HPINI 
foci  tend  to  have  higher  overall  p53  immunoreactivity  and  CIN  than  HPINA.  The 
presence  of  p53  mutation  in  HPIN  was  associated  with  the  presence  of  chromosomal 
instability  as  determined  by  IFISH.  Also  our  study  provided  additional  evidence  in 
support  of  the  concept  that  HPIN  is  the  earliest  precursor  of  cancer.  Furthermore  our 
studies  identify  genomic  similarities  in  HPINI  and  Pea,  implying  that  carcinoma  may 
arise  from  progression  of  certain  HPIN  foci  that  most  likely  harbor  p53  mutation  and/or 
more  CIN. 
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Pea  (%) 

HPINI 

HPINA 

NORMAL 

TOTAL 

35 

35 

35 

35 

P53+  (n:35) 

7(20) 

6(17.1) 

0(0) 

0(0) 

CIN+  (ml  5) 

7(47) 

4(27) 

0(0) 

0(0) 

P53+/CIN+ 

5 

4 

0 

0 

P53+/CIN- 

2 

2 

0 

0 

P53-/CIN+ 

2 

0 

0 

0 

P53-/CIN- 

6 

9 

15 

15 

Table  1 :  Summary  of  the  p53  and  interphase  FISH  reults 
on  prostatectomy  specimens. 
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Legends 

Figure  1  :A-D:  H&E  sections  show  foci  of  HPIN  (blue  arrow)  intermingled  with  invasive 
cancer  (green  arrow),  E:  H&E  section  of  HPIN  surrounded  by  benign  epithelium.  F:  is  a 
higher  power,  HPIN  foci  (blue  arrow)  and  benign  epithelium  in  the  lower  part  of  the 
image 

Figure  2:  p53  immunohistochemistry  (D07).  A:  show  positive  nuclear  staining  in 
invasive  cancer  (green  arrow)  and  in  the  adjacent  HPIN  (yellow  arrow).  B  shows 
positivity  in  cancer  gland.  C  shows  another  case  with  the  same  features.  The  blue  arrow 
show  vessels  used  as  a  negative  control.  D:  is  a  high  power.  E:  show  HPIN  away  from 
cancer  with  negative  staining  in  the  same  gland  A.  F:  Negative  staining  in  a  hyperplastic 
epithelium 

Figure  3:  p53  sequencing  analysis  show  in  the  top  picture  a  normal  sequence  of  exon  8, 
the  middle  picture  show  a  wild  type  p53  (pt9),  the  bottom  picture  show  a  mutated  p53 
with  a  change  in  codon  273,  changing  the  wild  type  TGC  to  TGT  and  changing  the  amino 
acid  from  arginine  to  cystine. 

Figure  4:  H&E  sections  show  an  example  of  laser  capture  microdissection  (LCM). 
Dissection  of  benign  epithelium  on  the  left  side  and  of  HPIN  on  the  right  side.  The  top 
pictures  represent  the  tissue  before  dissection,  the  middle  pictures  are  after  dissection  and 
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the  bottom  pictures  are  the  cap  tissues,  which  were  used  for  p53,  automated  sequencing 
analysis. 

Figure  5:  Interphase  FISH  on  a  focus  of  invasive  prostate  carcinoma  using  dual 
centromere  probes.  Some  cells  (white  arrow  heads)  show  more  than  2  green  and  more 
than  2  red  signals  consistent  with  a  gain  of  chromosome  7  and  8.  The  yellow  arrowhead 
show  cells  with  2  green  and  1  red  signals. 

Figure  6:  Interphase  FISH  on  a  focus  of  invasive  prostate  carcinoma  using  dual  probes. 
Some  cells  (white  arrow  heads)  show  3  green  signals  and  4  red  signals  consist  with  a  gain 
of  chromosome  7  and  8.  Other  cells  (yellow  arrow  head)  show  only  one  red  and  one 
green  signal. 
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Figure  1:A-D:  H&E  sections  show  foci  of  HPIN  (blue  arrow)  intermingled  with 
invasive  cancer  (green  arrow),  E:  H&E  section  of  HPIN  surrounded  by  benign 
epithelium.  F:  is  a  higher  power,  HPIN  foci  (blue  arrow)  and  benign  epithelium  in 
the  lower  part  of  the  image 


Figure  2:  p53  immunohistochemistry  (DOT).  A:  show  positive  nuclear  staining  in 
invasive  cancer  (green  arrow)  and  in  the  adjacent  HPIN  (yellow  arrow).  B  shows 
positivity  in  cancer  gland.  C  shows  another  case  with  the  same  features.  The  blue 
arrow  show  vessels  used  as  a  negative  control.  D:  is  a  high  power.  E:  show  HPIN 
away  from  cancer  with  negative  staining  in  the  same  gland  A.  F:  Negative  staining  in  a 
hyperplastic  epithelium 


Figure  3:  p53  sequencing  analysis  show  in  the  top  picture  a  normal  sequence  of 
exon  8,  the  middle  picture  show  a  wild  type  p53  (pt9),  the  bottom  picture  show  a 
mutated  p53  with  a  change  in  codon  273,  changing  the  wild  type  TGC  to  TGT 
and  changing  the  amino  acid  from  arginine  to  cystine.  The  corresponding 
immunohistochemistry  for  p53  is  on  the  left  side. 


Figure  4:  H&E  sections  show  an  example  of  laser  capture 
microdissection  (LCM).  Dissection  of  benign  epithelium  on  the  left  side 
and  of  HPIN  on  the  right  side.  The  top  pictures  represent  the  tissue 
before  dissection,  the  middle  pictures  are  after  dissection  and  the 
bottom  pictures  are  the  cap  tissues,  which  were  used  for  p53, 
automated  sequencing  analysis. 


Figure  5:  Interphase  FISH  on  a  focus  of 
invasive  prostate  carcinoma  using  dual 
centromere  probes.  Some  cells  (white  arrow 
heads)  show  more  than  2  green  and  more 
than  2  red  signals  consistent  with  a  gain  of 
chromosome  7  and  8.  The  yellow 
arrowhead  show  cells  with  2  green  and  1 
red  signals. 


Figure  6:  Interphase  FISH  on  a  focus 
of  invasive  prostate  carcinoma  using 
dual  probes.  Some  cells  (white  arrow 
heads)  show  3  green  signals  and  4  red 
signals  consist  with  a  gain  of 
chromosome  7  and  8.  Other  cells 
(yellow  arrow  head)  show  only  one  red 
and  one  green  signal. 
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ABSTRACT 


Context:  HPIN  is  the  most  likely  precursor  of  prostate  cancer.  Many  patients  with  a 

diagnosis  of  HPIN  in  prostate  needle  core  biopsy  could,  if  left  untreated,  progress  to 
invasive  cancer.  Currently  there  is  no  available  clinical,  immunohistochemical  or 
morphological  criteria  that  are  predictive  of  this  progression. 

Objective:  To  determine  whether  chromosomal  instability  in  these  precursor  lesions 

could  increase  its  predictive  value  for  cancer  detection. 

Design:  Dual-color  interphase  in  situ  hybridization  (IFISH)  analysis  was 

performed  on  archived  prostate  needle  core  biopsies  from  54  patients  with  initial 
diagnosis  of  isolated  HPIN  and  follow-up  of  3  years  or  more.  We  utilized  commercially 
available  centromere  probes  for  chromosomes  4,  7,  8,  10.  We  had  interpretable  results  in 
44  patents  as  follows:  1)  group  A:  24  HPIN  patients  with  persistent  HPIN  and/or  benign 
lesions  in  the  follow-up  biopsies,  and  2)  group  B:  20  HPIN  patients  with  progression  to 
prostate  carcinoma. 

Results:  Twenty  five  percent  of  the  patients  in  group  B  displayed  numerical 

chromosomal  aberrations.  Only  8.3  %  of  the  patients  from  group  A  had  chromosomal 
abnormalities  (P=0.1).  The  overall  chromosomal  changes  in  HPIN  were  higher  than 
normal  or  hyperplastic  epithelium  with  statistically  significant  difference  (P<0.05).  All 
aberrations  were  detected  in  the  form  of  chromosomal  gain.  Overall,  the  commonest 
aberration  was  gain  of  chromosome  8,  followed  by  gains  of  chromosomes  7  and  10. 
Conclusion:  These  results  indicated  that  while  no  single  numeric  chromosomal 
abnormality  could  be  assigned  as  a  predictor  of  HPIN  progression  to  carcinoma,  the 
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overall  level  of  numeric  chromosomal  abnormalities  show  a  trend  of  elevation  in  HPfN 


patients  that  subsequently  progressed  to  carcinoma. 


Key  words:  Chromosomal  instability,  in  situ  hybridization,  prostate  intraepithelial 
neoplasia,  Prostate  carcinoma. 
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BACKGROUND 


Prostatic  intraepithelial  neoplasia  (PIN)  is  characterized  by  intraluminal  proliferation  of 
epithelial  cells  and  can  be  divided  into  high-grade  (HPIN)  and  low-grade  (LPIN)  lesions. 
HPfN  is  the  earliest  accepted  stage  in  prostatic  carcinogenesis.  HPIN  is  regarded  as  the 

most  likely  precursor  for  Pea  1.  The  greatest  value  of  PIN  is  high  predictive  value  as  a 
marker  for  Pea.  This  is  particularly  true  for  high  grade  PIN  (HPIN).  If  this  lesion  is 

identified,  close  surveillance  and  follow-up  biopsy  are  indicated  2.  HPfN  diagnosed  in  a 
prostate  needle  core  biopsies  of  many  patients,  if  left  untreated  could  progress  to 
invasive  carcinoma.  HPIN,  when  diagnosed  in  needle  biopsy,  is  a  powerful  predictor  of 
carcinoma  in  subsequent  needle  biopsy.  No  clinical  or  pathological  parameter  has  been 
found  to  be  helpful  for  distinguishing  patients  who  had  carcinoma  on  the  next  biopsy 
from  those  who  did  not.  Chromosomal  instability  (CIN)  is  a  high  frequency  of 
chromosomal  loss  and  gain  .  It  is  a  type  of  genomic  instability,  which  has  been 

introdueed  recently  to  the  field  of  human  cancer  biology  4.  Reeently  CIN  has  been 
described  in  many  human  dysplastic  lesions  and  that  was  proposed  as  a  marker  of 
progression  to  cancer  and  considered  as  a  primary  event  in  neoplastie  transformation 

15.  Whether  chromosomal  instability  in  HPIN  can  provide  additional  predictive 
information  for  early  cancer  progression  is  still  unknown.  The  objective  of  this  project 
was  to  examine  if  CIN  can  increase  the  predictive  value  of  HPIN  diagnosis  by  using 
interphase  FISH  applied  on  prostate  biopsies  with  a  diagnosis  of  HPIN  only. 
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MATERIAL  AND  METHOD 


Patient  accrual 

Between  1995-1997  in  the  record  of  The  University  Health  Network,  we  had  identified 
123  patients  with  HPIN  as  the  primary  diagnosis  in  prostate  needle  core  biopsies  and  we 
compared  them  with  1 00  patients  with  HPIN  associated  with  invasive  cancer 
simultaneously.  HPIN  associated  with  cancer  was  designated  as  (T*  group)  and  isolated 
HPIN  designated  as  (2"*^  group).  The  2"^*  group  has  been  divided  as  follows: 

A)  Group  A:  patients  with  HPfN  as  a  primary  diagnosis  in  prostatic  biopsies  and  did  not 
show  evidence  of  carcinoma  on  subsequent  follow-up  biopsies. 

B)  Group  B:  patients  with  HPIN  as  a  primary  diagnosis  in  prostatic  biopsies  and  did 
show  invasive  carcinoma  on  subsequent  biopsies. 

The  clinical  was  reviewed  for  all  the  patients  including  age,  PSA  level,  digital  rectal 
examination  (DRE)  and  transrectal  ultrasound  examination  (TRUS).  For  the  interphase 
FISH,  30  patents  from  group  A  and  24  patents  from  group  B  have  been  matched  for  age, 
PSA  level  (table2)  IFISH  has  been  performed  only  on  the  initial  biopsies. 

Materials  and  methods 

All  the  H&E  slides  of  the  cases  diagnosed  as  HPIN  were  reviewed  by  2  pathologists  to 
confirm  the  diagnosis  and  to  determine  the  adequacy  of  the  specimen  for  FISH  analysis. 
Only  those  with  sufficient  material  were  included  in  the  study.  Interphase  FISH  was 
performed  on  5  micron  unstained  tissue  sections  using  adjacent  H&E  stained  sections  as 
guidance.  The  appropriate  section  was  chosen.  Directly  labeled  VYSIS  CEP  probes  for 
chromosomes  4,  7,  8,  and  10  were  used.  Paraffin  pretreatment  and  FISH  procedure  was 
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performed  according  to  the  company  instruction  (Vysis,  Inc.,  Downers  Grove).  Dual¬ 
probe  hybridization  was  performed.  For  each  probe  100  nuclei  were  counted  by  each 
observer.  Ten  of  the  cases  could  not  be  interpreted  either  due  to  poor  hybridization, 
fluorescence  background,  or  the  decrease  in  size  and  subsequent  disappearance  of  the 
HP  IN  foci  on  the  deeper  sections.  In  10  cases  only  75-99  nuclei  have  been  counted  at 
least  by  one  observer. 

Criteria  of  scoring  and  evaluation  of  numerical  chromosomal  anomalies 

In  preliminary  experiments  the  hybridization  efficiency  of  every  probe  was  tested  on 

prostate  tissues.  Slides  were  evaluated  according  to  the  accepted  criteria  Briefly  only 
sections  with  hybridization  in  at  least  80%  of  cells  were  evaluated.  For  each  probe  two 
independent  investigators  counted  the  number  of  FISH  signals  in  100  non-overlapped 
intact  (spherical)  interphase  nuclei  from  foci  of  HPfN.  The  number  of  signals  per  nucleus 
were  scored  as  (0,1,  2,  3,  4,  and  >4)  signal  per  nucleus.  Nuclei  from  stromal  element  were 
not  enumerated.  FISH  by  using  a  centromere  probe  for  chromosome  4  was  used  as  a 
negative  eontrol.  Normal  and  hyperplastic  glandular  epithelium  present  in  the  biopsies 
was  counted  as  an  internal  control.  Due  to  truncation  of  the  nuclei,  artifactual  loss  of 
signals  is  expected;  however  we  applied  very  conservative  criteria  to  detect  any 
significant  true  numeric  changes.  For  the  control  cases  using  chromosome  Scentromere 
probe,  the  mean  +  3  SD  percentage  of  nuclei  with  3  or  more  signals  was  4.6  %  and  the 
mean  +  3  SD  percentage  of  nuclei  with  zero  or  1  signals  was  44.5%.  Our  criteria  to 
evaluate  numeric  chromosomal  abnormality  was  as  follows: 

1)  Chromosomal  gains  were  diagnosed  when  more  than  4.6%  of  the  nuclei  exhibited 
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more  than  two  signals. 

2)  Chromosomal  loss  was  been  diagnosed  when  more  than  44.6%  of  the  nuclei  exhibited 
a  reduction  of  signal  number. 

3)  Tetraploidy  was  assumed  when  all  chromosomes  investigated  showed  signal  gains  up 
to  four.  These  cutoff  values  were  close  to  others  17-20 


STATISTICAL  ANALYSIS: 

Fisher’s  exact  test  was  used  to  examine  the  difference  between  group  A  and  group  B 
regarding  the  presence  of  numeric  chromosomal  changes.  The  same  test  was  used  to 
analyze  the  difference  between  group  1  and  group2  as  well  as  between  group  A  and  group 
B  regarding  PSA  level,  digital  rectal  examination  and  ultrasound  examination.  Student’s 
t-test  was  used  to  compare  the  age  between  the  different  groups. 

RESULTS 

Clinicopathological  findings: 

Between  1995-1997  in  the  record  of  The  University  Health  Network,  we  identified  123 
patients  with  HPIN  as  the  primary  diagnosis  in  prostate  needle  core  biopsies  and  we 
compared  them  with  100  patients  with  HPIN  associated  with  invasive  cancer 
simultaneously.  HPIN  associated  with  cancer  designated  as  (U‘  group)  and  isolated  HPIN 
designated  as  (2"^  group).  The  mean  age  was  67  year  and  64  for  the  and  2"^  group 
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respectively  (P<0.05).  The  PSA  levels  were  9.9  and  8  (ng/ml)  for  the  1®*  and  2"^  groups 
respectively  (P<0.05).  The  US  and  DRE  examinations  were  positive  in  50%,  44%  in  the 
U'  group  and  30  %,  23%  in  the  2"^*  groups  respectively  which  was  statistically  significant 
(P<0.05  for  DRE  and  <0.01  for  US).  The  patients  with  isolated  HPIN  as  the  primary 
diagnosis  (n:123)  had  at  least  one  follow-up  biopsy.  Pea  was  identified  in  33  cases  (27%) 
in  the  follow-up  biopsies  with  range  of  follow-up  time  between  2  and  36  months.  The 
carcinoma  was  identified  in  the  same  side  of  the  HPfU  in  55%  of  the  cases  and  in  33% 
and  12%  in  both  sides  and  in  the  opposite  sides  respectively.  Gleason  score  was 
predominantly  6  and  7.  When  we  divided  those  patients  to  group  A  (did  not  progress  to 
cancer)  and  group  B  (progressed  to  cancer)  we  found  that  the  mean  age  was  64  and  62 
years  (P=0.2)  and  the  mean  PSA  value  were  8  and  7.8  ng/ml  (P=0.4)  respectively.  US 
was  positive  in  1 1/33  and  18/90  in  group  A  and  B  respectively  (P=0.1).  DRE  was 
positive  in  1 1/33  and  26/90  in  group  A  and  B  respectively  (P=0.5).  Pathological  review 
showed  similarity  between  the  two  groups  where  the  presence  of  cribriform,  tufting, 
micropapllary  and  flat  microscopic  subtypes  (figure  lA-D)  present  in  7%,  55%,  50%,  and 
1 1%  in  group  A  and  6%,  60%,  55%  and  12%  in  group  B  respectively.  The  commonest 
morphological  HPfN  subtypes  was  the  tufting  and  the  micropapillary  patterns.  No 
statistical  significant  difference  was  between  the  group  A  and  B  in  any  of  the  clinical 
parameters  examined  including  age,  PSA  level,  rectal  examination,  reetal  ultrasound  or 
morphologic  subtypes. 
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Interphase  FISH  findings 

We  had  interpretable  results  in  44  cases  (24  from  group  A  and  20  from  group  B)  for 
chromosomes  4,7,8  and  10.  Our  findings  indicated  the  presence  of  different  chromosomal 
anomalies  in  5/20  (25%)  cases  of  group  B  and  in  2/24  (8.3%)  cases  of  group  A 
respectively  (P=0.1).  Patients  with  chromosomal  anomalies  are  shown  in  table  2.  All  the 
chromosomal  changes  were  in  the  form  of  a  gain  (figure  2  and  3).  No  chromosomal 
losses  were  identified  in  any  case.  Gain  of  chromosome  8  has  been  seen  in  5  cases,  gain 
of  chromosome  7  in  3  case,  gain  of  chromosome  10  in  2  cases.  No  numeric  chromosomal 
changes  were  detected  in  chromosome  4.  No  numeric  chromosomal  anomalies  were 
noticed  in  the  adjacent  hyperplastic  or  normal  prostate  glandular  epithelium,  which  was 
counted  in  30  cases.  By  applying  the  same  cytogenetic  technique  on  5-micron  paraffin- 
embedded  sections  from  TURP  specimens  from  patients  with  nodular  hyperplasia  (BPH) 
using  probe  for  chromosome  8,  there  were  no  chromosomal  numeric  anomalies  in  any  of 
the  14  specimens  that  have  been  examined.  We  had  a  total  of  7/44  (16%)  of  HPfN,  which 
showed  chromosomal  anomalies  in  at  least  one  chromosome.  At  the  time  of  the 
diagnosis,  3  of  the  7  patients  were  below  the  age  60  years  (all  of  them  had  a  cancer  in  the 
follow-up  biopsies)  and  only  2  of  those  7  patients  were  abnormal  US  and  none  of  them 
had  abnormal  DRE.  Six  out  of  seven  had  PSA  above  4ng/ml. 
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DISSCUSSION 


HPIN  is  the  earliest  accepted  stage  in  prostatic  carcinogenesis.  HPIN  is  regarded  as  the 

most  likely  precursor  for  Pea  The  greatest  value  of  PIN  is  high  predictive  value  as  a 
marker  for  Pea.  This  is  particularly  true  for  high  grade  PIN  (HPIN).  If  this  lesion  is 

identified,  close  surveillance  and  follow-up  biopsy  are  indicated  2.  No  clinical  or 
pathological  parameter  has  been  found  to  be  helpful  for  distinguishing  patients  who  had 
carcinoma  on  the  next  biopsy  from  those  who  did  not.  In  our  study,  we  identified  123 
patients  with  isolated  HPIN  as  the  primary  diagnosis  who  had  a  subsequent  follow-up 
biopsy.  Pea  was  identified  in  27%  in  the  first  follow-up  with  range  of  follow-up  peroid 
between  2  and  36  months.  That  is  consistent  with  the  incidence  described  in  the  literature 
(27-100%).  Davidson  et  al  found  that  the  likelihood  of  finding  cancer  was  greater  in 
patients  with  PIN  undergoing  more  than  one  follow-up  biopsy  (44%)  than  in  those  with 

only  one  biopsy  (32%)^  1 .  The  carcinoma  has  been  identified  in  the  same  side  of  the 
HPIN  in  55%  of  the  cases  and  in  33%  and  12%  in  both  sides  and  in  the  opposite  sides 
respectively.  Gleason  score  was  predominantly  6  and  7.  The  mean  age  was  64  and  62 
years  and  the  mean  PSA  value  were  8  and  7.8  ng/mL  for  group  A  and  group  B 
respectively.  No  statisticaly  significant  difference  was  identified  between  these  two 
groups  in  any  of  the  clinical  parameter  examined  including  age,  PSA  level,  digital  rectal 

examination  (DRE)  or  rectal  ultrasound  which  is  consistent  with  other  authors 
however  many  others  indicated  that  age,  PSA  positivity  and  DRE  increase  the  risk  of  the 

later  cancer  23-25  indicated  that  HPIN  is  not  detectable  by  elevated  serum  PSA 
or  transrectal  ultrasound  or  digital  rectal  examination.  Pathological  review  showed  that 
the  most  common  morphological  HPIN  subtypes  were  the  tufting  and  micropapillary 
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patterns  and  no  statistically  significant  difference  was  found  between  the  two  groups 
regarding  the  morphologic  subtypes  which  is  consistent  with  other  findings  21.  The 
underlying  mechanism  of  progression  of  PIN  to  Pea  is  not  clear.  However  the  progression 
might  be  due  to  severe  genetic  instability,  resulting  in  a  clone  that  has  the  ability  to 
invade  26.  CIN  may  be  defined  as  an  excess  of  chromosome  alterations  occurring  at  each 
cell  generation  4.  ciN  is  thought  to  arise  as  a  result  of  aberrations  in  mitotic  machinery 
of  chromosome  constitution  leading  to  excessive  numerical  chromosomal  changes.  2,  4, 

22.  CIN  can  be  manifested  in  a  form  of  numeric  chromosomal  changes  of  one  or  more 
chromosomes.  To  investigate  if  certain  chromosomal  abnormalities  detected  in  the  HPIN 
foci  could  be  predictive  of  subsequent  carcinoma  or  could  increase  the  predictive  value  of 
HPfN,  we  examined  prostate  needle  core  biopsy  with  HPIN  diagnosis  for  the  presence  of 
numeric  chromosomal  anomalies. 

We  performed  a  retrospective  study  using  interphase  FISH  analysis  on  HPIN  slides  from 
54  patients  and  had  interpretable  results  in  44  cases  (24  from  group  A  and  20  from  group 
B)  for  chromosomes  4,7,8  and  10.  Our  findings  indicated  the  presence  of  different 
chromosomal  anomalies  in  5/20  (25%)  cases  of  group  B  and  in  2/24  (8.3%)  cases  of 
groupA  (P=0.1).  This  difference  was  not  statistically  significant,  however,  it  is  highly 
suggestive  that  HPIN  with  CfN  have  higher  chance  of  progression  to  invasive  cancer.  No 
numeric  chromosomal  anomalies  have  been  noticed  in  the  adjacent  hyperplastic  or 
normal  prostate  glandular  epithelium  present  in  the  same  biopsies.  The  overall 
chromsomal  changes  in  HPIN  was  higher  than  the  normal  or  hyperplastic  epithelium  with 
statistically  significant  difference  (P<0.05).  The  advantage  of  FISH  when  applied  to 
histologic  sections  is  that  the  tumor  cells  can  be  precisely  evaluated  and  normal  and 
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dysplastic  foci  can  be  evaluated  for  CfN  even  in  small  biopsies.  FISH  has  been  used  in 
PIN  to  determine  chromosomal  anomalies  in  a  few  studies  28-33  However  in  those 
studies  it  has  been  performed  on  prostatectomy  specimens  which  already  contain  Pea 
foci.  Using  centromere  FISH  probes,  the  commonest  numeric  changes  in  PIN  and  Pea 
include  gain  of  chromosome  7,8,10  and  loss  of  chromosome  Y.  The  overall  frequency  of 
numeric  chromosomal  anomalies  in  PfN  and  Pea  is  remarkably  similar  which  suggests 
that  PIN  is  a  precursor  of  carcinoma  xhe  overall  incidence  of  any  numeric 
chromosomal  anomaly  was  seen  in  7/44  (16%)  in  our  study.  The  presence  of  any 
anomaly  in  PIN  ranged  in  the  literature  between  12-62%.  Our  relatively  lower  incidence 
of  chromosomal  changes  in  HPIN  foci  can  be  explained  by  the  small  foci  of  tissue  in 
biopsies,  which  might  not  be  well  representative  of  the  whole  HPIN  foci.  In  our  study  all 
the  chromosomal  changes  were  in  a  form  of  a  gain  with  no  chromosomal  losses  being 
identified  in  any  case.  Gain  of  chromosome  8  was  the  commonest  finding  in  our  study 
which  is  consistent  with  the  previous  studies  19,  30,  31_  Qain  of  chromosome  7  has  been 
shown  to  be  frequent  in  Pea  and  associated  with  higher  tumor  grade,  advanced  stage  and 

early  patient  death  of  Pea  ^9,  34,  35^  however,  it  could  occur  in  early  stage  of  Pea 
tumorogenesis  as  shown  in  our  study.  No  numeric  chromosomal  changes  have  been  seen 
in  chromosome  4.  Although  chromosomal  instability  has  been  described  recently  in  many 
premalignant  lesions  as  a  risk  of  progression  to  cancer,  our  current  study  although  highly 
suggestive,  does  not  confirm  that  in  prostate. 

The  heterogeneity  and  the  multifocality  of  prostate  cancer  which  has  been  suggested  and 

demonstrated  recently  by  many  investigators  36-38  same  gland  may  not  be 
restricted  to  cancer  foci,  but  most  likely  applied  on  different  HPIN  foci  in  the  same 
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prostate.  The  heterogeneity  of  the  prostate  neoplastic  and  epithelium  make  it  relatively 
difficult  to  be  studied  and  explains  not  only  the  wide  range  results  but  sometime 
conflicting  data  in  the  literature  regarding  many  prognostic  molecular  markers. 
Chromosome  instability  can  contribute  to  tumor  progression  by  several  possible 
mechanisms:  loss  of  chromosomes  that  harbor  genes  encoding  negative  regulators  of  cell 
cycle  progression  and  proteins  involved  in  apoptosis  or  senescence;  gain  of  extra 
chromosomes  that  harbor  genes  encoding  positive  regulators  of  cell  cycle 

progression(oncogenes),  antiapoptotic  proteins  and  proteins  that  suppress  senescence 
Although  CfN  has  been  described  as  a  common  feature  of  dysplastic  and  neoplastic 
lesions,  its  mechanism  is  still  unclear.  Many  candidates  have  been  incriminated  in 
causing  CIN  through  inducing  unequal  segregation  of  chromosomes  due  to  multiple 
spindle  poles  during  mitosis  or  through  other  mechanisms.  Centrosome 
hyperamplification  was  found  to  be  the  major  mechanism  responsible  for  chromosomal 
instability  in-vitro  and  in-vivo  27,  39-42  Centrosome  is  the  major  microtubule¬ 
organizing  center  and  required  for  spindle  bipolarity,  spindle  microtubule  assembly  and 
balanced  segregation  of  the  chromosomes  ^3.  Tumor  supressor  genes  (such  as  p53,  Rb, 
BRACl  have  been  incriminated  in  controlling  centrosome  duplication  27,  39,  40,  44 
Other  possible  mechanisms  may  be  involved  in  the  causation  of  CfN  such  as  shortened 
telomeres,  hypomethylation  and  activation  of  certain  genes.  The  detection  of  the  HPIN 
which  most  likely  will  progress  will  be  of  great  interest,  especially  since  PIN  is  an 

excellent  candidate  for  chemoprevention  ^ . 

We  conclud  that  although  no  single  numeric  chromosomal  abnormality  could  be  assigned 
as  a  predictor  of  HPIN  progression  to  carcinoma,  the  overall  level  of  numeric 
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chromosomal  abnormalities  show  a  trend  of  elevation  in  HPIN  patients  who  progressed 
to  carcinoma,  but  the  difference  was  not  statistically  significant.  Although  HPfN  is  by 
itself  a  powerful  predictor  of  cancer,  the  presence  of  CIN  increases  that  predictive  value. 
All  patients  with  diagnosis  of  HPIN  in  needle  biopsies  should  be  followed  clinically  and 
repeat  biopsies  should  be  performed,  with  increased  frequency  for  those  with  CIN. 
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Legends 

Figure  1 :  Hematoxylin  and  eosin  sections  of  the  four  morphological  subtypes  of  high- 
grade  intraepithelial  neoplasia  (HPIN).  1 A  is  a  focus  of  micropapillary  pattern,  IB;  is  a 
focus  of  cribriform  pattern,  IC;  is  a  focus  of  tufting  pattern,  ID;  is  a  focus  of  flat  pattern. 
In  all  those  foci  there  are  the  general  features  of  HPIN  including  hyperchromasia, 
prominent  nucleoli,  nuclear  enlargement  and  stratification 

Figure  2;  Interphase  FISH  on  a  focus  of  cribriform  HPIN  using  dual  centromere  probes 
(red  signal  for  chromosome  7  and  green  signal  for  chromosome  8.  Many  cells  (arrow 
heads)  show  more  than  2  signals  for  both  probes. 

Figure  3:  Interphase  FISH  on  a  focus  of  cribriform  HPIN  using  dual  probes.  Some  cells 
(arrow  heads)  show  3  green  signals  consist  with  a  gain  of  chromosome  8.  The  arrow 
show  signals  in  stromal  cells,  which  have  been,  used  as  internal  control 
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Table  1 :  Age  and  PSA  levels  in  patients  used  for  FISH  studies. 


Group 

Age 

(mean) 

PSA 

mean(ng/ml) 

P  value 

A 

8.7 

65.1 

>0.05 

B 

7.9 

62 

>0.05 

Table  2:  Summary  of  the  clinical  and  interphase  FISH  results  for  chromosome 
4,7,8  and  10  on  the  needle  core  prostatic  biopsies  from  patients  with  chromosomal 
abnormalities 


Patient 

Age 

(Years) 

CH7 

CH8 

CHIO 

CH4 

F-biop 

PSA 

(ng/ml) 

1 

63 

N 

G 

G 

N 

PIN 

10.1 

3 

62 

G 

N 

N 

N 

PIN 

7.9 

7 

60 

G 

N 

N 

N 

CA 

4.7 

11 

53 

N 

G 

N 

N 

CA 

11.4 

14 

65 

G 

G 

N 

N 

CA 

1.8 

16 

52 

N 

G 

G 

N 

CA 

8.4 

41 

55 

N 

G 

N 

N 

CA 

8.4 

N:  Normal 

CA;  Carcinoma 
B:  Benign 

G:  Gain 
RE;  Rectal  exam 
US:  Ultrasound 

PIN:  Prostate  intraepithelial  neoplasia 
F.biop:  Follow-up  biopsy 
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Abstract 


Prostatic  intraepithelial  neoplasia  (PIN)  is  felt  by  many  to  be  a  premalignant  entity.  It  is  defined 
by  histologic  appearance.  It  seems  reasonable  that  there  are  an  orderly  series  of  molecular 
changes  that  occur  in  prostate  cells  as  they  transit  from  normal  to  PIN  to  frank  cancer.  These 
changes  likely  determine  the  phenotypic  appearance.  Knowledge  of  these  changes  may  predict 
the  natural  history  of  PIN  and  suggest  means  to  prevent  the  development  of  cancer  from  PIN. 
We  have  developed  a  clinical  trial  to  address  these  issues.  Patients  with  histologically  defined 
PIN  will  be  randomly  assigned  to  either  androgen  ablation  with  the  potent  antiandrogen 
bicalutamide  or  placebo  in  a  controlled,  blinded  pilot  study.  They  will  be  clinically  assessed 
every  3  months  and  received  transrectal  ultrasound  guided  biopsies  of  the  prostate  every  six 
months  for  2  years.  They  then  will  be  followed  at  three  month  intervals  and  be  rebiopsied  at  36 
months  after  start  of  the  trial.  Clinical  end  points  will  be  the  percentage  of  patients  in  each  arm  at 
the  end  of  the  two-year  with  PIN  or  cancer.  Secondary  end  points  will  be  the  development  of 
PIN  or  cancer  at  3  years.  The  collected  tissue  will  be  assayed  by  standard  histology, 
immimohistochemistry  of  multiple  markers  felt  integral  to  cancer  progression,  and  investigated 
further  using  large-scale  cDNA  microarrays. 

Introduction 

Prostate  cancer  is  the  most  common  internal  malignancy  in  man.  It  is  the  second  most  common 
cause  of  death  due  to  malignancy  in  man,  second  only  to  lung  cancer.  The  incidence  of  prostate 
cancer  has  increased  dramatically  over  the  last  decade  probably  due  to  PSA  screening  but  also 
because  of  a  real  increase  in  the  development  of  the  disease.  Little  is  known  of  the  etiology  of 
the  disease  (1,2).  While  early  detection  strategies  are  probably  finding  more  men  who  are 
curable  by  conventional  methods  such  as  surgery  or  radiation  therapy,  these  treatments  have 
significant  associated  life  long  morbidity.  The  natural  history  of  the  development  of  prostate 
cancer  has  only  recently  been  elucidated.  Most  students  of  this  disease  believe  that 
adenocarcinoma  of  the  prostate  probably  passes  through  a  premalignant  phase  termed  prostatic 
intraepithelial  neoplasia  (PIN).  This  entity  has  only  recently  been  characterized  in  the  human 
prostate  (3,4).  PIN  has  been  identified  in  2  to  16%  of  men  undergoing  transrectal  ultrasound 
guided  biopsies.  Histologically,  high-grade  prostatic  intraepithelial  neoplasia  is  characterized  by 
a  distinctive  architectural  arrangement  of  cellular  proliferation  within  pre-existing  ducts  and 
glands  as  in  prostate  carcinoma  but  lacking  complete  disruption  of  the  basal  cell  layer  and 
stromal  invasion  noted  with  carcinoma.  With  increasing  grades  of  prostatic  intraepithelial 
neoplasia,  there  is  an  increasing  degree  of  nuclear  aberration  and  basal  cell  layer  disruption.  PIN 
is  currently  considered  a  premalignant  proliferation  in  the  prostate  and  is  found  more  often 
within  the  peripheral  zone.  Adenocarcinoma  is  more  often  associated  with  high  grade  as 
opposed  to  low  grade  prostatic  intraepithelial  neoplasia  and  multifocality  of  concurrent 
carcinoma  (5). 

Autopsy  and  surgical  pathology  reviews  have  documented  a  strong  association  between  the 
discovery  of  high  grade  PIN  and  the  development  of  prostate  cancer.  In  a  case  control  study  by 
Davidson  35%  of  patients  with  PIN  had  cancer  in  a  subsequent  biopsy  compared  to  13%  in  a 
matched  control  group  (6).  Recent  studies  have  documented  the  multifocal  nature  of  the 
premalignant  changes  in  prostates  with  documented  high-grade  prostatic  intraepithelial 
neoplasia.  Repeat  biopsies  of  men  with  PIN  have  demonstrated  the  appearance  of 
adenocarcinoma  in  the  gland  contra  lateral  to  the  initial  biopsy  showing  PIN  in  a  high  proportion 


of  patients  demonstrating  the  multifocality  of  the  premalignant  changes. 

Brawer  evaluated  21  men  in  whom  prostate  biopsy  of  a  palpable  abnormality  revealed  isolated 
prostatic  intraepithelial  neoplasia  and  12  (57%)  had  cancer  on  repeat  biopsy  (7).  In  each  case 
carcinoma  was  identified  on  the  side  of  the  palpable  abnormality.  Contra  lateral  cancer  was  also 
noted  in  6  cases  (50%),  Weinstein  and  Epstein  reported  that  10  to  19  men  (53%)  with  isolated 
prostatic  intraepithelial  neoplasia  on  initial  biopsy  had  cancer  on  repeat  biopsy  (8).  In  only  5  of 
these  10  men  with  cancer  (50%)  was  the  tumour  ipsilateral  to  the  prostatic  intraepithelial 
neoplasia.  Langer  and  Rovner  found  that  15  of  52  men  (29%)  with  isolated  prostatic 
intraepithelial  neoplasia  on  needle  biopsy  had  cancer  on  repeat  biopsy  (9).  The  site  of  carcinoma 
on  repeat  biopsy  corresponded  to  the  site  of  previously  diagnosed  prostatic  intraepithelial 
neoplasia  in  only  six  cases  (40%),  a  transrectal  ultrasound  abnormality  in  3  (20%)  and  a  site  of 
random  biopsy  in  6  (40%).  Close  clinical  follow  up  and  repeat  biopsy  of  the  prostate  are 
recommended  for  men  with  high-grade  prostatic  intraepithelial  neoplasia.  These  data  suggest  that 
the  changes  that  precede  the  development  of  prostate  cancer  are  not  relegated  to  a  specific  area 
within  the  prostate  (the  palpable  nodule,  site  of  PIN,  etc.)  and  that  prostate  cancer  is  a  multifocal 
disease. 

Patients  diagnosed  with  PIN  who  are  of  the  appropriate  age  and  health  to  benefit  from 
intervention  are  usually  assessed  by  one  of  two  methods.  One  method  is  to  follow  the  patient 
with  “close  clinical  follow  up”  which  usually  translates  into  repeat  digital  rectal  exams  (DRE) 
and  semm  PSA  determinations  at  set  intervals  (usually  every  three  to  six  months)  to  see  if  there 
are  signs  of  progression  and  at  that  time  to  rebiopsy  the  prostate.  If  cancer  is  discovered, 
intervention  is  undertaken;  otherwise  the  policy  of  surveillance  is  continued.  Others  advocate  a 
more  aggressive  policy  of  immediate  rebiopsy  with  the  discovery  of  PIN  and  a  continuing 
rebiopsy  policy  at  any  suggestion  of  clinical  progression.  In  any  case  because  of  the  fluctuating 
nature  of  serum  PSA  determinations,  the  subjective  nature  of  the  DRE,  and  the  fear  of  a 
progressing  but  missed  cancer,  many  patients  undergo  repeat  biopsies  at  an  interval  that 
approximates  six  months  in  the  24  months  following  the  initial  diagnosis  of  PIN. 

Neither  the  natural  history,  the  molecular  changes  accompanying  the  change  from  the 
premalignant  state  to  frank  malignancy,  nor  strategies  to  prevent  these  changes  are  definitely 
known  (10,1 1).  This  human  model  of  evolving  carcinogenesis  is  a  fertile  bed  to  determine  these 
important  events  and  possibly  develop  means  to  arrest  them  before  frank  cancer  develops. 

Methods 

We  have  proposed  a  randomized  blinded  study  to  assess  the  natural  history  of  men  found  to  have 
PIN  by  classical  clinical  parameters  (PSA  and  DRE)  and  regular  (every  six  month)  trans  rectal 
ultrasound  guided  biopsies  of  the  prostate.  These  biopsies  will  be  assessed  for  histological 
changes  as  well  as  a  series  of  molecular  markers  associated  with  cancer  progression.  It  is  hoped 
that  alone  or  in  combination  these  markers  would  characterize  progression  of  the  prostate  from 
the  premalignant  PIN  stage  to  frank  cancer  earlier  than  the  classical  clinical  measures  above  and 
allow  for  early  intervention.  In  addition,  the  antiandrogen  bicalutamide  would  be  randomly 
assigned  to  patients  to  determine  if  this  known  minimally  toxic  agent  can  arrest  or  delay  the 
development  of  cancer  in  this  group  of  susceptible  men. 

Multiple  volume  determined  systematic  needle  cores  taken  from  each  patient  at  biopsy  will  be 
immediately  fixed  in  20%  formalin  overnight  and  paraffin-embedded  using  standard  procedures. 
Sections  will  be  cut  from  the  blocks  and  collected  onto  positively  charged  slides.  Every  second 


slide  will  be  stained  with  haematoxylin  and  eosin  for  histological  examination  to  confirm  the 
presence  of  PIN  and  to  determine  if  adenocarcinoma  is  present.  All  sections  will  be  reviewed 
using  criteria  for  diagnosing  PIN  and  differentiating  the  grade  as  described  by  Epstein  (13).  If 
carcinoma  is  detected,  the  subject  will  be  withdrawn  from  the  study  and  treated.  The  remaining 
intervening  slides  will  be  processed  for  determining  the  expression  of  the  various  molecular 
markers  by  immunocytochemistry.  We  have  chosen  a  series  of  markers  that  will  help  to  define 
changes  in  androgen  production  and  utilization,  angiogenesis,  and  epithelial-stromal  interactions. 

One  of  the  high-throughput  technologies  that  has  come  out  of  the  Human  Genome  Project  is  that 
of  the  production  of  DNA  arrays  on  solid  supports  for  large-scale  hybridization  experiments. 
The  resulting  micro  array,  or  "DNA  chip"  technology,  has  allowed  large-scale  gene  discovery, 
expression,  mapping  and  sequencing  studies  as  well  as  detection  of  mutations  or  polymorphisms. 
Hybridization  of  complex  mRNA-derived  probes  to  an  array  of  cDNA  PCR  products  or 
oligonucleotides  representing  specific  cDNAs  spotted  onto  modified  glass  slides  allows  the 
simultaneous  analysis  of  the  differential  expression  of  thousands  of  genes.  This  technology  has 
been  applied  to  gene  expression  studies  in  inflammatory  diseases  and  in  melanoma.  The  goal  of 
this  component  of  the  study  is  to  perform  expression  profiling  to  identify  patterns  of  differential 
gene  expression  that  contribute  to  cancer  progression. 

The  high-density  micro  array  consortium  at  the  University  Health  Network-OCI  is  addressing  the 
technical  problems  associated  with  the  reproducibility  of  microarrays  and  the  bioinformatics 
required  to  understand  complex  patterns  of  gene  expression.  Presently,  the  OCI  array  has  17,000 
sequences  tethered  to  glass  microscope  slides.  For  screening  of  this  high-density  DNA  chip, 
total  RNA  from  tumour  samples  (obtained  under  RNAase  free  conditions)  will  be  labelled  by 
reverse  transcription  in  the  presence  of  primers.  The  labelled  product  is  purified,  precipitated 
and  dissolved  in  H2O.  Following  pre-hybridization,  the  DNA  chip  is  incubated  with  labelled 

probes,  yeast  tRNA  and  denatured  salmon  sperm  DNA.  The  slides  are  washed  and  the  expression 
profile  scanned  and  analyzed.  Differential  gene  expression  within  the  study  group  will  fall  into 
two  main  classes:  1)  those  genes  expressed  preferentially  in  prostate  cancer  with  recurrent  or 
progressive  disease;  and  2)  those  genes  expressed  preferentially  in  prostate  cancer  which  remains 
indolent  or  in  which  there  has  been  an  extended  disease-free  period.  One  of  the  limitations  of  this 
study  is  the  amount  of  tissue  available  for  RNA.  We  are  therefore  applyling  mRNA 
amplification  methods  [15]  for  increasing  the  yield  of  cDNA  for  high  density  microarray 
analysis. 

We  will  closely  examine  expression  levels  of  genes  in  each  class  in  both  the  placebo  and 
bicalutamide  treated  patients  and  will  use  the  data  derived  from  the  scanning  software  to  focus 
on  genes,  which  show  the  most  extreme  difference  i.e.  the  most  over-  and  under-expressed  genes 
in  those  tumours  which  subsequently  develop  disease  both  with  and  without  dmg  treatment.  For 
such  profile  analyses  to  be  successful,  the  relative  patterns  of  expression  differences  must  be 
proven  to  have  appropriate  biological  information.  Biological  variation  may  arise  from  clinically 
irrelevant  heterogeneity  of  the  tissue  source  so  we  will  closely  monitor  morphologic  parameters 
to  control  for  these  potential  variables.  To  extract  and  detect  relationships  between  differences 
we  will  apply  analytical  approaches  that  will  define  the  grade-specific  and/or  outcome¬ 
determining  'signatures'  of  expression.  Clearly  some  of  these  changes  or  ‘signatures’  of  gene 
expression  will  simply  be  associated  with  phenotypes  induced  by  the  antiandrogen  whereas 


others  will  play  a  direct  causal  role  in  response  and,  as  such,  will  be  candidates  for  study  and 
new  approaches  to  future  drug  intervention. 

Conclusion 

PIN  is  felt  by  many  to  be  a  precursor  lesion  to  prostate  cancer.  This  experimental  program  will 
attempt  to  define  its  natural  history  and  susceptibility  to  androgen  ablation  by  conventional 
histologic  methods  as  well  as  immunohistochemical  and  high  throughput  gene  microarray 
technology.  This  program  may  not  only  define  which  cases  of  PIN  progress  and  which  do  not  but 
also  suggest  treatment  opportunities  by  their  differences  in  molecular  expression. 
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ABSTRACT 


BACKGROUND:  Prostate  cancer  (CaP)  is  a  multifocal  heterogeneous  disease.  A  major 
challenge  in  CaP  research  is  to  identify  genetic  biomarkers  that  herald  aggressive 
transformation. 

METHODS;  To  investigate  the  effect  of  tumor  heterogeneity  on  the  analysis  of  genomic 
aberration,  we  compared  the  results  of  comparative  genomic  hybridization  analysis  of 
DNA  extracted  from  tumor  bulk,  against  that  of  DNA  amplified  by  DOP-PCR  from 
homogeneous  cell  population  obtained  by  laser  capture  microdissection  of  discrete, 
individual  tumor  foci. 

RESULTS:  Sampling  by  microdissection,  positive  aberrations  were  observed  in  3  of  3 
foci  of  carcinoma  involved  with  prostatic  capsule,  and  in  2  of  3  PIN  foci  examined. 
Carcinoma  foci  consistently  exhibited  more  extensive  aberrations  than  the  PIN  samples 
obtained  from  the  same  tumor.  Within  these  samples,  the  different  tumor  foci  exhibited 
gain  of  8q  while  PIN  showed  no  consistent  aberration.  Using  bulk  extracted  DNA,  CGH 
detected  aberrations  in  only  3  of  the  21  samples  interrogated,  despite  the  known  trisomy 
8  status,  as  revealed  by  fluorescence  in  situ  hybridization. 

CONCLUSIONS:  The  results  of  the  present  study  demonstrate  that  CGH  analysis  using 
bulk  dissected  fresh  tissue  is  not  sufficiently  sensitive  to  fully  detect  the  chromosomal 
numerical  aberrations  in  CaP.  Given  the  considerable  intratumor  genomic  heterogeneity, 
CGH  in  conjunction  with  microdissection  and  DOP-PCR  amplification  provides  a  more 
complete  repertoire  of  aberrations  as  well  as  a  better  phenotype-genotype  correlation  in 
prostate  tumors. 


1 


INTRODUCTION 


In  North  America,  prostate  cancer  (CaP)  is  the  leading  cancer  incidence  in  men 
and  the  second  most  common  cause  of  male  cancer  mortality  [1],  While  the  etiology  of 
CaP  remains  unknown,  both  environmental  and  genetic  contributions  have  been 
associated  with  its  carcinogenesis  [1,  2].  However,  our  understanding  of  the  molecular 
genetic  changes  that  underlie  the  progression  of  this  disease  remains  at  an  early  stage,  as 
CaP  exhibits  both  inter-  and  intratumor  genotypic  and  phenotypic  heterogeneity  that 
complicates  molecular  and  histopathological  assessment  and  outcome  prediction  [3-6]. 
Clinically,  localised  CaP  is  often  slow-growing  and  latent  and  its  diagnosis  sometimes 
may  not  even  impact  survival  for  10  to  15  years,  further  complicating  disease  assessment 
and  prognosis  [2,  7,  8].  In  a  small  but  significant  number  of  cases,  however,  the  disease 
progresses  to  advanced  stages.  Advanced  androgen-refractory  disease  is  ultimately 
incurable  and  terminal.  Identification  of  an  early  stage  CaP-specific  progression  marker 
will  allow  delineation  of  tumor  subsets  that  will  stay  indolent  requiring  no  clinical 
intervention,  and  those  that  will  progress  to  metastasis. 

Progress  in  identifying  consistent  structural  rearrangements  in  CaP  has  been  slow. 
Furthermore,  no  consistent  picture  of  the  total  chromosomal  aberrations  in  early-stage 
CaP  has  emerged  and  it  remains  conceivable  that  technical  difficulties  in  obtaining 
representative  cytogenetic  preparations  derived  from  primary  tumor  material  have 
precluded  identification  of  causative  chromosomal  alterations  in  the  early  presentation  of 
CaP.  CaP  is  characterized  by  multifocal  presentation.  Consistent  with  this  idea  it  was 
recently  shown  that  a  much  greater  frequency  of  chromosomal  aberrations  can  be 
detected  if  microdissection  and  specialized  culture  methods  are  utilized  [9].  A  newly 
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diagnosed  man  with  CaP  will  have  an  average  of  five  apparently  independent  lesions 
[10].  In  addition,  there  is  growing  evidence  [6,  11-13]  that  both  cancerous  and  pre- 
cancerous  lesions  within  a  given  prostate  tissue  are  non-clonal,  further  indicating  the 
multifocal  nature  of  this  disease.  Genetic  dosage  changes  can  be  analyzed  easily  by 
comparative  genomic  hybridization  (CGH)  [14],  CGH  studies  of  CaP  that  have  been 
published  generally  have  examined  late  stage,  metastatic  disease  [15-18].  These  studies 
have  shown  that  there  are  frequent  chromosomal  aberrations  in  late  stage  CaP  tumors, 
and  that  chromosomal  copy  number  losses  are  five  times  more  prevalent  than  gains  [15]. 

Currently,  the  histopathological  assessment  of  CaP  is  based  on  the  Gleason 
system,  which  assigns  a  clinical  grade  to  a  given  tumor  based  on  the  most  prominent  and 
representative  histological  features.  This  system  not  only  has  a  significant  clinical  impact 
in  predicting  the  outcome  of  the  disease,  but  much  of  the  current  research  effort  in  CaP  is 
also  directed  towards  identifying  the  molecular  changes  as  a  function  of  the  Gleason 
grade. 

In  this  study,  we  used  the  genome-wide  scanning  technique  of  CGH  in 
combination  with  degenerate-oligonucleotide  primed  PCR  (DOP-PCR)  and  laser  capture 
microdissection  (LCM)  to  demonstrate  the  genotypic  heterogeneity  among  distinct  foci 
within  tumor  samples,  and  to  identify  the  karyotypic  changes  associated  with  the 
prostatic  capsule  invasion.  Furthermore,  we  evaluated  the  effectiveness  this  technique 
against  the  traditional  CGH  method,  using  bulk-extracted  DNA,  in  identifying  the 
chromosomal  gains  and  losses  in  early  stage  CaP  specimens.  In  addition,  we  employed 
fluorescence  in  situ  hybridization  (FISH)  technique  to  investigate  the  genotypic 
heterogeneity  as  a  feature  of  early  stage  (pTl-T2)  CaP. 
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MATERIALS  AND  METHODS 


Tissue  Accrual  and  Sample  Preparations 

Samples  were  collected  from  patients  undergoing  radical  prostatectomy  at  the 
University  Health  Network  (UHN).  All  samples  utilized  for  this  study  were  from  patients 
presenting  with  evidence  of  high  tumour  volume  (rising  PSA  levels,  DRE  findings, 
multiple  positive  biopsies)  and  no  history  of  radiation  or  chemotherapy.  For  each 
prostate,  a  wedge  of  tissue  was  excised  and  analyzed  histologically  by  frozen  section. 
Criteria  for  inclusion  in  this  study  was  based  on  the  presence  of  a  widely  ranging 

variation  in  the  Gleason  pattern.  A  small  wedge  (approximately  1-2  cm^)  of  tumor  tissue 
was  dissected  from  the  excised  prostate,  and  the  resected  prostatic  capsule  was  analyzed 
for  extracapsular  tumor  extension  by  the  pathologist  on  duty.  The  tissue  wedge  was 
quick-sectioned  and  hematoxylin  and  eosin  (H&E)-stained.  Samples  assessed  by  the 
pathologist  as  having  high  tumor  volume  (>  80%)  within  the  surrounding  stroma  were 
designated  for  study  inclusion.  A  fresh  wedge  of  tissue  which  directly  apposes  the  H&E 
section  was  excised  from  the  prostate  and  returned  to  the  laboratory  for  research. 

The  obtained  tissue  sample  was  processed  following  two  different  protocols.  In 
one  set  of  experiments  (21  patient  samples),  the  tissue  was  bisected,  and  one  of  the  pieces 
was  used  to  establish  a  short  term  tissue  culture  (see  below)  for  interphase  FISH  analysis. 
The  remaining  piece  was  placed  in  DNA  extraction  buffer  and  the  genomic  DNA  from 
the  tumor  bulk  extracted  following  standard  protocols  [19,  20].  This  bulk-extraction 
method  typically  yielded  approximately  200ug  of  high  molecular  weight  DNA. 

In  a  second  set  of  experiments  (3  patient  samples),  the  tissue  was  immediately 
fixed  in  70%  ethanol  (4°C,  overnight)  and  embedded  in  paraffin.  Serial  sections,  10pm 
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in  thickness,  were  obtained  from  the  paraffin  embedded  tissue  and  stained  with  H&E. 
Homogeneous  populations  of  epithelial  cells  were  obtained  from  the  sections  using  laser 
capture  microdissection  system  (Arcturus,  Mountain  View,  CA),  from  two  different 
regions  in  each  tumor  sample,  including:  1)  acini  of  epithelial  cells  of  Gleason  pattern  3, 
which  have  infiltrated  the  prostatic  capsule,  and  2)  acini  of  high  grade  PIN  situated 
nearby  (<3mm)  which  were  not  associated  with  the  capsule.  Typically  200-400  cells  were 
collected  from  the  serial  sections  for  each  region,  and  processed  for  genome 
amplification  by  DOP-PCR. 

Amplification  of  the  genomic  DNA  by  DOP-PCR 

The  dissected  cells  were  incubated  in  20pL  of  digestion  buffer  (0.1%  SDS, 
Ipg/pL  proteinase  K  in  Tris-Cl,  pH  8.0)  overnight.  Following  incubation  at  90°C  to 
inactivate  the  proteinase,  the  product  containing  the  genomic  DNA  was  serially  diluted 
tenfold  to  concentrations  of  1/10,  1/100,  and  1/1000  of  the  original  solution.  One 
microlitre  of  each  dilution  was  used  as  the  template  in  separate  PCR  reactions. 

The  PCR  amplification  and  labeling  of  the  probe  were  carried  out  in  3  steps,  using 
the  Clontech  cDNA  PCR  enzyme  mix.  In  the  first  step,  O.lpL  of  dNTP  (lOmM),  0.5pL 
of  the  primer  (5’-CCGACTCGAGNNNNNNATGTGG-3’,  lOpM),  O.SpL  of  PCR  buffer 
(lOX,  Clontech,  Palo  Alto,  CA)  and  0.2pL  of  enzyme  mix  (Clontech)  were  added  to  the 
template  DNA,  and  the  volume  adjusted  to  5pL.  In  addition,  a  series  of  reaction  mixtures 
containing  30ng,  3ng  or  300pg  of  normal  male  DNA,  obtained  from  human  spleen  tissue, 
were  prepared  in  parallel  for  generation  of  reference  probes  for  CGH.  The  reaction 
mixtures  were  denatured  at  95°C  for  5  min.,  and  carried  through  eight  cycles  of 
denaturation  (94°C,  Imin.),  annealing  (30°C,  Imin.)  and  extension  (72°C,  3min). 
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Following  a  final  extension  of  lOmin  at  72°C,  each  reaction  mixture  was  supplemented 
with  20)j.L  of  reaction  mixture  containing  0.6pL  of  dNTP  (lOmM),  1.25|j,L  of  primer 
(25pM),  2.5pL  of  PCR  buffer  and  0.5pL  of  the  enzyme.  The  reaction  mixture  was 
denatured  at  95°C  for  5min.,  and  further  cycled  through  30  rounds  of  denaturation  (94°C, 
Imin.),  annealing  (56°C,  Imin.)  and  extension  (72°C,  3min),  followed  by  a  final 
extension  of  lOmin  at  72°C.  The  product  was  purified  by  column  chromatography 
(Qiaquick  PCR  Purification  kit;  Qiagen)  and  the  amplification  verified  by  electrophoresis 
on  1%  agarose  gel.  Typically,  the  optimal  product,  as  determined  by  the  largest  product 
size,  was  obtained  from  the  initial  template  of  3ng  or  300pg  of  normal  male  DNA,  or 
from  the  tenfold  or  the  hundred  fold  dilutions  of  the  digest  of  the  microdissected  sample. 
Probe  preparation 

For  labeling  of  the  PCR  amplified  DNA,  4pL  of  the  selected  product  was  added 
to  46|aL  of  reaction  mixture  containing  IpL  of  dNTP  (lOmM),  2.4pL  of  primer  (25pM), 
SpL  of  PCR  buffer,  IpL  of  the  enzyme,  and  either  2p.L  of  0.4mM  biotin- 14dATP  (tumor 
DNA)  or  0.8pL  of  ImM  digoxigenin-lldUTP  (normal  reference  DNA).  The  labeled 
probe  was  generated  by  16  rounds  of  amplification  using  the  parameters  specified  in  the 
second  step.  The  final  product  was  purified  by  column  chromatography,  quantified  by 
spectroscopy  and  sized  by  gel  electrophoresis. 

Alternatively,  2ug  each  of  normal  and  bulk-extracted  tumor  DNA  were  labeled  by 
nick  translation  with  digoxigenin-11  dUTP  (Roche)  and  biotin- 14  dATP  (Gibco  BRL) 
respectively,  as  previously  described  [14,  21].  All  final  labeled  probes  ranged  between 
SOObp  to  2kb  in  size. 


6 


Comparative  Genomic  Hybridization  (CGH) 

CGH  was  performed  as  previously  described  [14,  21],  Images  were  captured 
using  the  Vysis  PathVysion  software,  and  analysis  performed  using  the  Vysis  Karyotype 
software  (Vysis,  Downers  Grove,  IL).  Results  at  telomeric  or  centromeric  regions  due  to 
the  presence  of  highly  repetitive  genomic  sequences  at  these  sites  were  not  analysed.  Ten 
metaphases  were  analysed  to  create  the  final  CGH  profile  with  99%  confidence  intervals. 
Negative  controls  in  which  normal  DNA  was  compared  to  itself,  and  positive  controls 
using  IMR32  neuroblastoma  cell  line,  which  has  been  previously  characterised  in  our 
laboratory,  were  routinely  included  in  the  experiments.  In  addition,  controls  in  which  the 
DOP-PCR-amplified  normal  DNA  was  compared  to  nick-translated  normal  DNA  were 
employed  to  ensure  that  the  DOP-PCR  amplification  did  not  introduce  artefactual  gains 
or  losses  in  the  results. 

Short  term  tissue  culture 

For  15  of  the  21  samples  in  which  the  DNA  was  bulk-extracted,  tissue  cultures 
were  prepared  and  maintained  for  short  term  (<  1  week)  for  interphase  FISH  analysis.  For 
this,  the  tissue  sample  was  dissociated  into  small  pieces  and  digested  in  250U/ml 
collagenase  IV  (Gibco  BRL)  in  culture  media  (RPMI  1640,  10%  fetal  bovine  serum, 
antibiotics)  for  2-3  hours.  Resulting  cell  suspension  was  centrifuged  gently  and  washed 
with  phosphate  buffer  saline,  seeded  into  tissue  culture  flasks  for  attachment  (usually  1-3 
days)  and  subsequently  harvested  for  interphase  FISH  analysis. 

Fluorescence  in  situ  Hybridization  (FISH) 

Harvested  cytogenetic  preparations  from  patients  were  dropped  onto  glass  slides 
as  previously  described  [22]  using  1.5  hour  colcemid  treatment  and  75  mM  KCl 
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hypotonic  treatment.  Normal  cytogenetic  control  slides  were  made  from 
phytohaemaglutinin-stimulated  normal  male  lymphoblasts.  Denaturation  of  the 
centromere  enumeration  probe  8  (CEPS)  and  8q24  {MYCC)  FISH  probes  (Vysis, 
Downers  Grove,  IL)  and  application  of  the  probe(s)  to  the  slides  were  as  per 
manufacturer’s  instructions  (Vysis,  Downers  Grove,  IL).  At  least  100  nuclei  were  used 
for  enumerating  the  co-hybridized  probes  for  each  sample. 
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RESULTS 


CGH  Analysis  of  Bulk  Extracted  Tumor 

CGH  analysis  of  the  bulk-extracted  tumor  samples  revealed  no  chromosomal 
imbalances  in  16  of  the  21  samples  examined.  In  2  of  the  5  samples  which  showed  copy 
number  changes,  two  were  considered  inconclusive  given  that  the  only  changes  observed 
were  associated  with  the  large  heterochromatic  region  of  the  Y  chromosome  (Yql2) 
which  is  an  established  cytogenetic  polymorphism.  In  contrast,  three  patient  samples, 
namely  patient  CaP13,  CaP14  and  CaP26  revealed  a  gain  of  the  long  arm  of  chromosome 
8  (8q).  Furthermore,  a  concurrent  loss  of  the  short  arm  of  chromosome  8  (8p)  was 
observed  in  CaP13  and  CaP14,  suggestive  of  isochromosome  8q  formation.  Both  CaP13 
and  CaP14  also  showed  loss  of  13q,  while  the  latter  showed  additional  loss  of  16q  and 
18q  (Fig  1).  The  positive  control  IMR32  neuroblastoma  line  prepared  for  CGH  showed 
high-level  amplification  at  the  2p22  and  2p24  chromosomal  regions,  as  expected  (not 
shown).  The  negative  control  (normal  male  DNA)  showed  no  CGH  imbalance,  as 
expected. 

CGH  Analysis  of  Microdissected  DOP-PCR  Derived  Tumor 

In  contrast,  extensive  chromosomal  gains  and  losses  were  observed  by  CGH  in  2 
of  the  3  microdissected  samples  of  PIN  foci,  as  well  as  in  3  of  the  3  carcinoma  foci 
infiltrating  into  the  capsule  (Fig  2).  The  control  experiment  which  compared  the  PCR 
amplified  normal  DNA  with  the  nick  translated  normal  DNA  showed  no  chromosomal 
imbalances  (not  shown),  suggesting  that  the  changes  observed  in  the  microdissected 
samples  were  not  artifacts  of  the  PCR  amplification.  Within  a  given  tumor  specimen,  the 
carcinoma  foci  consistently  exhibited  a  more  complex  pattern  of  changes  than  the 
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corresponding  PIN  (Table  1).  Moreover,  in  2  of  the  3  tissue  samples  analyzed,  a  subset  of 
the  changes  observed  in  PIN  were  also  represented  in  the  adjacent  carcinoma  sample 
from  the  same  patient  (Table  1).  This  occurrence  of  common  genomic  imbalances  in 
both  PIN  and  carcinoma  provides  support  for  the  view  that  the  PIN  may  be  a  precursor 
lesion  of  carcinoma.  A  gain  of  8q  was  a  consistent  feature  observed  among  the  carcinoma 
foci  from  all  3  patients,  while  2  of  the  3  samples  also  consistently  exhibited  +13ql4.3- 
21.2  and  -16p  (Fig  2;  Table  1).  No  consistent  pattern  of  changes  was  noted  among  the 
PIN  samples. 

Cellular  Heterogeneity  of  Chromosome  8  Determined  by  Interphase  FISH 

Dual-color  interphase  FISH  was  used  to  examine  tumor  preparations  to  determine 
the  extent  of  cellular  heterogeneity  for  chromosome  8  copy  number  alteration  (Fig  1). 
Centromere  8  probe  (CEP8,  green)  was  used  together  with  MYCC  (8q24,  orange)  probe 
to  interrogate  the  extent  of  chromosome  8q  gain  in  the  patient  samples  (Table  2).  MYCC 
was  found  to  always  correlate  in  a  1:1  ratio  with  CEP8  in  the  normal  control  and  the 
patient  material  nuclei.  In  control  normal  male  lymphocytes,  trisomy  8,  as  determined  by 
3  CEP8/MKCC  signals,  was  observed  in  less  than  1%  of  the  cells.  In  contrast  to  this 
baseline  frequency,  all  the  patient  samples  for  which  cytogenetic  preparations  were 
established,  including  those  in  which  CGH  failed  to  identify  a  gain  of  chromosome  8, 
exhibited  a  frequency  of  trisomy  ranging  from  5%  to  44%  (Table  2).  In  addition,  low 
levels  of  monosomy  and  polysomy  of  chromosome  8  were  also  detected  in  all  patient 
samples  (Table  2). 
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DISCUSSION 


There  is  mounting  evidence  that  CaP  is  a  multifocal,  heterogeneous  disease. 
Studies  examining  allelic  imbalances  reveal  that  tumor  foci  within  a  given  prostate  are 
genotypically  heterogeneous  [6,  11,  12,  23].  Moreover,  similar  studies  of  PIN  indicate 
heterogeneity  exists  at  early  stage  of  tumor  progression,  indicating  that  several  foci  of 
carcinoma  may  arise  independently  within  a  given  tumor  [12].  It  is  becoming 
increasingly  important  to  develop  and  refine  techniques  to  examine  chromosomal 
imbalances  that  may  contribute  to  genomic  destabilization  leading  to  neoplasia  and 
progression  [24,  25]. 

CGH  is  a  FISH-based  technique  which  measures  the  genome-wide  dosage 
changes  in  a  tumor  sample  relative  to  the  reference  sample.  CGH  is  well  suited  to  detect 
the  copy  number  changes  in  homogeneous  cell  samples.  Prostate  tumors  obtained  fi-om 
radical  prostatectomy  exhibit  variable  histological  patterns,  ranging  from  PIN  to  high 
Gleason  patterns,  within  close  spatial  proximity.  Moreover,  the  tumor  foci  are  often 
closely  associated  with  the  stroma.  In  conventional  CGH  it  is  probable  that  both 
genotypic  and  phenotypic  heterogeneity  within  the  tumor,  as  well  as  the  contamination 
by  the  stromal  component  lead  to  over-representation  of  homogenous  aberrations  and 
under-representation  of  more  heterogeneous  elements  [14,  21].  In  this  study,  CGH 
analysis  using  bulk  extracted  DNA  detected  significant  aberrations  in  only  3  of  the  21 
tumor  samples  examined.  This  figure  is  significantly  lower  than  the  previous  CGH  report 
of  aberrations  in  74%  of  the  studied  samples  [17].  This  difference  may  in  part  be  a  result 
of  our  analysis  focusing  on  earlier  stages  [15,  17,  18,  26].  Our  FISH  analysis  showed 
considerable  cell-by-cell  heterogeneity  at  the  CEP8/M7CC  loci  in  all  15  cytogenetic 
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preparations.  It  is  particularly  interesting  that  in  the  patient  sample  which  exhibited  the 
most  pronounced  degree  of  trisomy  8  (44%;  CaPlO),  the  corresponding  CGH  analysis 
failed  to  detect  a  gain  (Fig  1).  The  poor  correlation  between  imbalances  detected  by  CGH 
analysis  of  bulk  extracted  DNA  and  the  parallel  cell-by-cell  analysis  by  FISH  is  an 
indication  that  this  technique  is  not  adequate  for  detecting  the  heterogeneous  changes  of 
CaP. 

Recently  several  investigators  have  reported  a  significant  advantage  in  combining 
the  CGH  with  the  techniques  of  DOP-PCR  and  LCM  in  identifying  the  aberrations  in 
prostate  and  other  tumor  types  [13,  27-35],  With  this  approach,  Kim  et  al.  have  reported 
positive  identification  of  aberrations  in  100%  of  the  tumor  samples  they  screened  [34]. 
This  figure  is  consistent  with  the  data  presented  herein,  where  all  3  of  3  tumor  foci  and  2 
of  3  PIN  foci  exhibited  positive  aberrations.  It  is  also  noteworthy  that  a  subset  of  these 
aberrations  were  uniquely  present  in  only  one  of  the  pair  of  foci  obtained  from  the  same 
tissue  sample,  and  would  likely  have  gone  undetected  if  the  tissue  were  sampled  as  a 
whole  using  bulk  extraction  methods.  Therefore,  the  complete  repertoire  of  genomic 
aberrations  in  a  given  tumor  is  better  represented  by  the  sum  of  the  changes  in  individual 
foci,  rather  than  the  averaged  profiles  indicated  by  the  conventional  CGH.  Moreover, 
analysis  at  the  level  of  individual  foci  provides  a  better  correlation  of  the  genomic 
changes  with  the  phenotypic  features. 

Of  the  several  reported  chromosomal  changes  associated  with  CaP,  including 
those  on  chromosomes  7,  8,  10,  13q,  16,  17,  18q,  and  Y  [16-18,  36-43],  aberrations  on 
chromosome  8  have  received  the  most  attention.  Allelotyping  experiments  have 
demonstrated  frequent  involvement  of  chromosome  8  in  CaP  tumorigenesis,  and  analysis 
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of  extensive  loss  of  heterozygosity  (LOH)  loci  along  8p  in  CaP  patients  [6,  44-47]]  have 
narrowed  three  tumor  suppressor  gene  loci  along  the  region  8pl2,  8p21,  and  8p22. 
Recent  studies  by  Macoska  et  al.  [48]  and  Virgin  et  al.  [49]  using  human  papillomavirus 
(HPV)  E6/E7  and  simian  virus  40  (SV40)  Large  T  antigen  immortalised  CaP  patient  cell 
lines,  showed  a  direct  correlation  between  8p  LOH  allelotyping  data  and  isochromosome 
8q  formation  or  other  structural  rearrangements  of  8p  by  molecular  cytogenetics. 
However,  it  was  also  shown  that  8q  gain  could  occur  independently  of  8p  loss  through 
complex  structural  rearrangements  [48].  Alers  et  al.  [50]  demonstrated  by  FISH  in 
localised  prostate  tumors,  lymph  node  metastases,  and  distant  metastases  samples  that  +8 
was  more  frequent  than  -8.  Subsequent  examination  of  the  lymph  node  metastasis 
sample  allowed  correlation  of  +8  in  interphase  FISH  with  8q  gain  as  determined  by  CGH, 
and  conversely  -8  by  FISH  with  8p  loss  by  CGH  [50].  Together,  these  observations 
suggest  that  8q  gain  may  be  independent  of,  and  contributes  to  the  8p-  genotype  in  the 
tumorigenic  process,  but  can  also  sometimes  occur  through  isochromosome  8q  formation. 
This  view  is  consistent  with  the  data  presented  herein,  in  which  2  of  the  3  patients 
(CaP  13,  Cap  14)  examined  by  CGH  using  bulk  extracted  DNA  exhibited  chromosome  8q 
gain  and  8p  loss  concomitantly  (Fig  1).  In  contrast,  CGH  analysis  of  all  the 
microdissected  specimens  revealed  a  gain  of  8q,  in  absence  of  8p  loss,  to  be  a  consistent 
feature  of  the  invasive  foci.  This  apparent  discrepancy  may  be  reconciled  by  the 
possibility  that  the  8p  loss  may  be  a  recurrent  aberration  represented  in  several 
independent  microfoci.  This  loss  may  be  sufficient  for  detection  by  conventional  CGH 
but  appears  to  be  irrelevant  to  the  development  of  the  invasive  phenotype. 
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There  is  evidence  which  suggests  that  these  foci  may  be  genomically  unstable, 
giving  rise  to  further  variant  foci  during  tumor  progression  [51-53].  Genomic  instability 
may  be  genotypically  expressed  as  microsatellite  instability  as  a  result  of  failing  DNA 
repair  at  the  nucleotide  level  leading  to  replication  errors  [24,  25,  52,  53],  or  as 
chromosomal  instability  due  to  aberrations  in  the  mitotic  machinery  leading  to 
chromosomal  copy  number  and  structural  changes,  that  ultimately  lead  to  aneuploidy  and 
destabilization  of  the  tumor  karyotype  [24,  25,  51,  54,  55].  Given  the  slow  rate  of  tumor 
growth  in  CaP,  it  may  be  speculated  that  the  disease  progression  involves  independent 
evolution  of  several  individual  foci  that  have  acquired  different  genotypic  changes  in 
response  to  the  selective  pressure  of  the  microenvironment  of  the  prostate  [56,  57].  In  this 
regard,  it  is  feasible  that  the  repertoire  of  the  individual  foci  within  a  tumor,  rather  than 
the  most  representative  feature,  may  have  a  greater  impact  on  the  stage,  and  the  outcome 
of  the  disease  than  the  Gleason  score  per  se.  Thus  in  this  view,  the  genomic  profile  of 
each  tumor  focus  likely  represents  a  unique  endpoint  of  a  complex  interplay  between 
genomic  divergence  through  the  multistep  accumulation  of  genetic  changes  [6,  44,  46, 
47,  55,  58-61],  and  convergence  through  selection.  Taken  together,  these  observations, 
together  with  the  present  data  further  support  the  notion  of  independent  evolution  of 
individual  microfoci  within  tumors,  and  further  suggest  that  the  disease  progression  may 
be  impacted  by  the  individual,  unique  evolution  of  each  foci  rather  than  the  tumor  as  a 
whole. 
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CONCLUSION 


The  present  study  demonstrates  that  CGH  analysis  using  bulk  dissected  fresh 
tissue  is  not  sufficiently  sensitive  to  fully  detect  the  chromosomal  numerical  aberrations 
in  CaP.  Given  the  considerable  intratumor  genomic  heterogeneity,  CGH  in  conjunction 
with  microdissection  and  DOP-PCR  amplification  provides  a  more  complete  repertoire  of 
aberrations  as  well  as  a  better  phenotype-genotype  correlation  in  prostate  tumors. 
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FIGURE  LEGEND 


Figure  1 .  Representative  metaphase  spreads  analysed  by  CGH,  using  bulk  extracted  DNA 
from  patients  CaP14  and  CaPlO  (panel  A,  D  respectively),  and  corresponding  karyogram 
(panel  B,  E).  Regions  of  gains  and  losses  in  tumor  DNA  are  represented  as  shifts  to 
higher  and  lower  green  to  red  ratios,  respectively.  Note  the  lack  of  8q  gain  in  the  CGH 
profile  of  CaPlO  (E),  despite  the  evidence  of  high  frequency  of  trisomy  8,  as  detected  by 
FISH  analysis  using  CEP8  (green)  and  MYCC  (8q24;  orange)  probes  (panel  C,  F) 

Figure  2.  H&E  images,  and  corresponding  CGH  analysis  of  focus  of  carcinoma  (panel  A, 
B)  and  PIN  (panel  C,  D),  microdissected  by  laser  capture  from  the  same  representative 
tissue  sample  (patient  C).  Note  the  extension  of  the  carcinoma  into  the  capsular  margin, 
demarcated  by  a  large  blood  vessel  (arrow.  A).  Panel  E  summarizes  the  gains  (shown 
right  of  the  chromosome)  and  losses  (left  of  the  chromosome)  in  the  carcinoma  (red)  and 
PIN  (blue)  foci  from  this  and  two  other  patient  samples. 
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Table  1.  Summary  of  aberrations  in  microdissected  foci  of  carcinoma  and  PIN  from  three 
patients. 


Patient 

Gleason  Pattern  3 

PIN 

A 

+3 

+3p24-pter 

+4ql3.3 

+3pl2.2-ql3.2 

+4q23-q24 

+8q 

+8q 

+15ql5-q21.2 

+13ql4.3-q21.1 

+14ql3-q22.3 

-16p 

-17p 

+Xq 

-20 

B 

+2q31. 1-31.2 

+2q24.1-q31.2 

+5qll.l-12 

+8q21.3-q22.3 

+8q 

+Xq21.3-q22.2 

+10q21. 1-22.2 

+13ql4.2-21.2 

-16 

+Xq 

-Y 

-Y 

C 

+8ql2.1-qter 

+Xp21.3-pter 

18 


Table  2.  Interphase  FISH  analyses  of  the  centromere  %IMYCC  copy  number  in  the  CaP 
patients.  In  each  case,  the  number  of  MYCC  signals  equaled  that  of  the  centromere  8 
signals.  Note  the  variability  in  the  centromere  8  copy  number  around  the  diploid  modal 
value,  and  the  significantly  greater  frequency  of  trisomy  in  all  the  patient  samples 
compared  to  the  baseline  frequency  observed  in  the  normal  lymphocyte.  Boldface 
indicates  interesting  chromosome  8  copy  changes  observed  by  this  method. 


Chromosome  8  Copy  Number 

Sample 

1 

2 

3 

>4 

Normal 

1% 

96% 

0% 

3% 

Lymphocytes 

1 

4% 

84% 

6% 

6% 

2 

7% 

76% 

5% 

12% 

3 

1% 

90% 

7% 

2% 

4 

1% 

86% 

7% 

6% 

5 

5% 

76% 

18% 

1% 

6 

5% 

80% 

8% 

7% 

7 

1% 

85% 

11% 

3% 

8 

10% 

80% 

7% 

3% 

9 

5% 

86% 

8% 

1% 

10 

4% 

49% 

44% 

3% 

11 

10% 

83% 

4% 

3% 

12 

3% 

90% 

6% 

1% 

13 

8% 

70% 

14% 

8% 

14 

2% 

92% 

6% 

0% 

15 

3% 

92% 

4% 

1% 
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1.  Introduction 


Comparative  genomic  hybridization  (CGH)  to  metaphase  chromosome  targets 
(1,2)  has  significantly  contributed  to  our  understanding  of  the  cancer  cytogenetics  of 
more  complex  malignancies  such  as  the  solid  tumours  {see  chapter  9;  reviewed  in  (3,4)). 
This  molecular  c3^ogenetics-based  technique  (hereafter  referred  to  as  “chromosome 
CGH”)  is  capable  of  defining  genome-wide  DNA  copy  number  imbalances  in  sample 
cells  relative  to  a  normal  reference  in  a  single  experiment.  Chromosome  CGH  has 
greatly  increased  our  understanding  of  tumour  biology  and  progression  since  the  minimal 
recmrent  regions  of  chromosomal  gain  and  loss  are  likely  to  contain  novel  oncogene(s) 
and  tumour  suppressor  gene(s)  respectively. 

Limitations  of  Chromosome  CGH 

The  unique  advantage  of  chromosome  CGH  is  its  whole-genome  screening 
capability  which  is  significantly  faster  and  less  laborious  than  low-throughput  methods 
for  examining  single-target  dosage  changes  such  as  Southern  analysis,  PCR,  and 
fluorescence  in  situ  hybridization  (FISH).  Chromosome  CGH  is  now  a  well-established 
molecular  cytogenetic  method,  but  there  are  two  technical  limitations  that  restrict  its 
usefulness  as  a  comprehensive  screening  tool.  First,  because  the  target  DNA  within  the 
chromosome  is  highly  condensed  and  supercoiled,  the  resolution  for  determining  copy 
number  changes  is  no  less  than  10  Mb  for  loss  (1).  For  copy  number  gains,  the  minimal 
detectable  size  is  probably  no  less  than  2  Mb,  which  is  a  function  of  both  amplicon  size 
and  copy  number  (1,5).  This  resolution,  while  capable  of  providing  a  starting  point  for 
positional  cloning  studies,  will  still  encompass  too  many  genes  to  precisely  localize  a 
sequence  of  interest.  Second,  the  analysis  of  the  images  obtained  following  chromosome 
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CGH  is  only  partly  automated  and  experienced  cytogeneticists  must  identify  each 
chromosome  to  determine  regions  of  imbalances. 

Microarray  CGH:  Application  of  Microarray  Technology  to  CGH 

Recent  developments  in  microarray  methods  have  circumvented  some  of  the 
limitations  of  chromosome  CGH.  Complementary  DNA  (cDNA)  microarray  technology, 
realized  through  advances  in  the  Human  Genome  Project  (HGP)  as  well  as  robotic 
arraying  technology  on  glass  slides,  has  facilitated  high-throughput  analysis  of 
differential  gene  expression  in  mmours  (6-8).  An  emerging  platform  that  addresses  the 
shortcomings  of  chromosome  CGH  couples  the  technique  to  microarray  expression 
technology,  and  is  generally  referred  to  as  “microarray  CGH”.  Instead  of  using 
metaphase  chromosomes,  CGH  is  applied  to  arrayed  short  sequences  of  DNA  bound  to 
glass  slides  (herein  defined  as  the  “targets”  for  hybridization)  and  probed  with  genomes 
of  interest  (herein  defined  as  the  “probe”)  {see  Note  1).  With  sufficient  representation  on 
the  microarray,  this  system  significantly  increases  resolution  for  localizing  regions  of 
imbalance.  Furthermore,  just  as  with  expression  microarray  screening,  analysis  is 
straightforward  and  automated.  Two  technology  platforms  have  recently  been  published: 
1)  cDNA-based  array  CGH  (9,10);  and  2)  genomic  DNA-based  array  CGH  (also  referred 
to  as  “matrix  CGH”  and  “array  CGH”)  (11,12).  This  chapter  will  provide  an  overview  of 
the  currently  published  methods,  but  readers  should  be  aware  that  microarray  CGH  is  an 
emerging  technology  and  there  are  likely  to  be  continual  refinements  to  the  protocols 
described  below. 

1.1.  cDNA  Array  CGH 
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Microarray  CGH  using  cDNA  targets  (hereafter  referred  to  as  “cDNA  array 
CGH”)  was  first  described  by  Pollack  et  al.  (9).  This  platform  makes  use  of  conventional 
cDNA  microarrays,  normally  employed  in  expression  screening,  for  examining  genomic 
copy  number  imbalances.  As  depicted  in  Figure  1,  this  has  the  advantage  that  duplicate 
arrays  may  be  used  in  parallel  to  provide  a  comprehensive  overview  of  both  expression 
and  gene  copy  number  change  in  a  tissue  (9).  The  inereasing  availability  of  a  variety  of 
different  cDNA  microarray  expression  formats  means  that  modification  of  protocols  to 
interrogate  these  cDNA  targets  by  CGH  is  immediately  accessible  for  high-throughput 
analysis  of  gene  dosage  changes. 

1.1.1.  Application  of  cDNA  Array  CGH  to  Cancer  Genomics 

Pollack  et  al.  examined  breast  caneer  cell  lines  and  tissues  using  a  3,360  feature 
microarray  by  cDNA  array  CGH  (9).  With  optimization,  they  demonstrated  that  the 
technique  was  capable  of  detecting  copy  number  gains  and  single  deletion  losses. 
Analysis  of  the  tumours  and  cell  lines  showed  that  not  all  amplified  genes  were 
overexpressed,  nor  were  most  highly  overexpressed  genes  amplified;  however,  a  subset 
of  the  genes,  including  ERBB2,  were  observed  to  be  both  amplified  and  overexpressed. 
They  proposed  that  these  genes  might  be  important  mediators  of  the  tumour  initiation  and 
progression. 

The  utility  of  cDNA  array  CGH  for  detecting  gene  amplifications  was  recently 
shown  by  Heiskanen  et  al.  (13).  In  this  study,  cell  lines  with  known  gene  amplifications 
were  used  to  establish  the  sensitivity  limits  of  the  technique.  In  contrast  to  the  protocol 
used  by  others  (9,10),  genomic  DNA  is  biotin-labeled  and  a  tyramide  amplification 
protocol  (14)  is  employed  (13).  Progressive  dilution  from  100%  to  2%  of  genomic  DNA 
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from  the  neuroblastoma  cell  line  NGP  with  normal  DNA  during  labeling  corresponded  to 
decreasing  MYCN  signal  intensity  on  the  microarray.  Amplifications  of  5-fold  and 
greater  were  readily  detected  by  this  method,  and  at  2%  dilution  MYCN  intensity  was 
observed  at  2.5-fold  relative  to  other  non-amplified  genes.  However,  the  main  limitation 
of  this  method  is  its  inability  to  allow  two-colour  CGH  and  thus  necessitates  the  use  of 
two  microarrays  (test,  control)  per  experiment. 

Recently,  we  have  demonstrated  the  suitability  of  cDNA  array  CGH  for  gene 
amplification  screening  of  patient  samples  (10).  In  this  study,  the  MYCN  (chromosome 
region  2p24)  amplification  status  in  nemoblastoma  patients  and  cell  lines  was  confirmed 
by  cDNA  array  CGH  on  a  high-density  19,200  feature  microarray.  In  the  cell  line 
IMR32,  cDNA  array  CGH  confirmed  a  recently  described  co-amplified  oncogene,  MEISl 
(15,16).  Importantly,  the  technique  was  able  to  distinguish  three  tumour  genotypes  in 
patient  samples  not  previously  described  (Figure  2).  This  study  demonstrates  not  only 
the  high-throughput  advantage  of  examining  thousands  of  genes  by  cDNA  array  CGH 
over  conventional  methods  such  as  FISH  and  Southern  analyses,  but  also  the  increase  in 
resolution  in  contrast  to  chromosome  CGH. 

In  another  study  by  Pei  et  al.  (17),  the  increased  resolving  power  of  cDNA  array 
CGH  for  delineating  amplicon  boundaries  was  demonstrated  in  pediatric  carcinomas. 
This  work  clearly  shows  the  limited  resolution  of  chromosome  CGH  when  contrasted  to 
cDNA  array  CGH.  These  results  are  depicted  in  Figure  3. 

1. 1.2.  Current  Limitations  of  cDNA  Array  CGH 

There  are  at  least  three  limitations  to  current  cDNA  array  CGH  methods.  Firstly, 
target  cDNA  sequences  are  of  low  complexity  in  content  in  comparison  to  genomic 


sequences,  lacking  intronic  and  other  non-transcribed  elements  such  as  repetitive  DNA 
and  control  sequences.  Thus  many  regions  of  the  genome  being  interrogated  will  not 
hybridize  with  uniform  efficiency  so  that  the  specificity  of  the  technique  may  be  low  or 
poorly  reproducible.  Secondly,  target  cDNA  sequences  are  typically  only  0.5-2  kilobases 
in  size  (9,10,13).  This  is  on  a  scale  of  many  orders  of  magnitude  smaller  than  the 
smallest  chromosome,  and  1-2  orders  of  magnitude  smaller  than  genomic  insert 
sequences  in  bacterial  artificial  chromosomes  (BACs),  PI -derived  artificial  chromosomes 
(PACs),  and  cosmids.  Although  this  may  be  suitable  for  expression  mapping  by 
microarray  where  the  probe  is  comparable  in  size,  reduced  signal  sensitivity  may  become 
a  concern  when  using  labeled  genomic  probes.  Although  Pollack  et  al.  (9)  describe 
detection  of  both  copy  number  gains  and  losses  by  cDNA  array  CGH,  it  is  likely  that 
genomic  DNA-based  arrays  are  more  robust  for  detection  of  single  copy  changes, 
including  copy  losses.  Finally,  a  last  issue  with  cDNA  microarray  technology,  and 
therefore  also  with  cDNA  array  CGH,  is  that  currently  there  is  a  significant  number  of 
gene  misannotations  in  the  commercially  available  clone  sets  (18).  This  may  take  the 
form  of  wrongly  identified  sequences,  incorrect  chromosomal  locations  or  even  the 
complete  absence  of  human  sequences  in  the  cDNA  targets  (eg.  due  to  clone 
contamination,  heterologous  sequences).  In  practical  terms  this  manifests  as  inconsistent 
results  or  findings  that  cannot  be  substantiated  when  other  methods  are  applied.  To 
eliminate  this  shortcoming,  commercial  sources  of  clone  sets  and  many  institutions  with 
array  fabrication  capabilities  are  sequence-confirming  their  clone  sets.  Overall,  these 
limitations  contribute  to  the  high  rate  of  false  positive  (15%)  and  false  negative  (15%) 
results  reported  for  this  technique  (9). 
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1.2.  Array  CGH 

The  second  microarray  CGH  platform  (hereafter  referred  to  as  “array  CGH”)  uses 
genomic  DNA  sequences  as  targets  on  the  microarray.  Array  CGH  was  first  established 
by  Solinas-Toldo  et  al.  (11),  and  further  refined  by  Pinkel  et  al.  (12).  As  described  in 
these  studies,  the  DNA  targets  for  the  microarray  can  be  derived  from  genomic  clones 
including  yeast  artificial  chromosome  (YAC;  0.2-2  Mb  in  size),  BAC  (up  to  300  kb),  PI 
(~  70-100  kb),  PAC  (~  130-150  kb),  and  cosmid  (~  30-45  kb),  and  are  of  several  orders 
of  magnitude  smaller  than  chromosome  targets.  This  decrease  in  target  size  increases  the 
resolution  of  copy  number  imbalance  detection  over  chromosome  CGH  (Figure  4). 
Given  the  differences  in  the  structural  complexity  in  the  target  DNA  with  respect  to 
chromosome  CGH,  modifications  to  the  hybridization  conditions  are  necessary  (11,12). 
The  advantage  of  array  CGH  over  cDNA  array  CGH  is  that  there  is  more  uniformity  in 
hybridization  and  subsequent  signal  fidelity  because  the  DNA  targets  have  a  greater 
complexity  and  coverage,  containing  intronic  and  other  non-transcribed  genomic 
sequences. 

1.2.1.  Application  of  Array  CGH  to  Cancer  Genomics 

To  date,  several  groups  have  published  results  using  array  CGH  (11,12,19-25). 
Pinkel  et  al.  (12)  detected  genomic  imbalances  within  a  sub-band  of  chromosome  20  in 
breast  cancer  that  had  failed  to  be  observed  using  chromosome  CGH.  Using  array  CGH, 
precise  genomic  mapping  of  the  position  of  amplicon  boundaries  within  20ql3.2  was 
performed  (19).  This  allowed  CYP24  to  be  localized  within  the  minimal  amplified 
region,  identifying  it  as  a  new  candidate  oncogene  in  breast  cancer  (19).  In  another 
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study,  array  CGH  was  used  to  examine  neurofibromatosis  type  2  (NF2)  patients  and 
determined  the  extent  and  frequency  of  deletions  around  the  NF2  locus  on  chromosome 
22q  (20).  This  microarray  was  constructed  from  a  7  Mb  tiling  path  of  104  BAG  and  PAG 
genomic  clones  around  NF2,  and  included  smaller  cosmids  for  mapping  copy  number 
changes  at  higher  resolution.  Both  single  copy  losses  and  homozygous  deletions  were 
detectable  in  the  patient  samples  by  this  system  (Figure  5).  Further  refinements  have 
permitted  retrospective  analysis  using  genomic  DNA  from  archival  samples.  Daigo  et  al. 
(21)  have  adapted  array  GGH  for  amplicon  profiling  of  laser  capture  microdissected 
(Arcturus,  Mountain  View,  GA;  httD://www.arctur.coml  formalin-fixed  paraffin- 
embedded  tumour  samples,  using  degenerate  oligonucleotide-primed  (DOP)-PGR  (26) 
for  whole  genome  amplification  of  the  extracted  DNA. 

1.2.2.  Applications  in  Other  Fields 

Microarray  GGH  is  a  versatile  technique  that  may  be  used  to  examine  genetic 
disorders  other  than  cancer.  A  recent  study  by  Geschwind  et  al.  (23)  demonstrated  the 
use  of  array  GGH  for  investigating  the  molecular  basis  of  laterality  of  the  human  cerebral 
hemispheres.  Gene  dosage  changes  in  patients  with  Klinefelter’s  syndrome  (karyotype: 
XXY)  were  examined  with  a  DNA  microarray  constructed  with  cosmids  covering  the 
pseudoautosomal  region  of  the  sex  chromosomes,  and  findings  were  correlated  with 
anomalous  dominance  and  other  cognitive  or  behavioural  phenotypes. 

1.2.4.  Current  Issues  with  Genomic  DNA-based  Array  Fabrication 

Although  array  GGH  still  has  some  limitations,  most  of  these  relate  to  array 
production  and  will  be  addressed  as  the  technology  matures.  While  modifications  to 
existing  array  fabrication  systems  are  possible,  current  production  limitations  are  mainly 
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associated  with  difficulties  in  automating  batch  preparation  DNA  from  genomic  clones. 
For  example,  published  array  CGH  studies  involve  the  use  of  laborious  DNA  extraction 
methods  such  as  maxi  prep  kits  (Qiagen)  and  phenol/chloroform  extractions  from 
genomic  clones  (11,12).  However,  commercially  available  batch  extraction  kits  (eg. 
R.E.A.L.  System™,  Qiagen)  from  genomic  clones  coupled  with  DOP-PCR  may  aid  in 
automation  (see  Note  2).  A  second  difficulty  is  related  to  the  generation  of  adequate 
amounts  of  DNA  for  batch  microarray  production.  While  cDNA  expression  clones  have 
universal  primer  sites  amenable  to  large  scale  PCR  synthesis  of  genes  and  expressed 
sequence  tags  for  subsequent  purification  and  arraying,  the  same  is  not  true  for  genomic 
clones.  In  addition,  the  larger  genomic  inserts  require  long  PCR  which  has  more  exacting 
amplification  conditions  (27)  and  these  may  be  confounded  by  the  presence  of  repetitive 
DNA  elements  in  template  sequences.  The  third  difficulty  is  the  viscosity  of  large  size 
genomic  sequences  in  solution  that  may  cause  clogging  of  spotting  pins  of  some  arrayers, 
although  new  split  pin  designs  may  circumvent  this  problem  (28).  Finally,  as  with  the 
cDNA  clone  sets,  there  is  also  the  concern  that  a  small  but  significant  number  of 
commercially  available  genomic  clones  are  misannotated  in  their  localization  (eg.  due  to 
source  clone  plate  contamination,  mislabeling).  Currently  the  solution  is  to  FISH- 
confirm  cytogenetic  mappings  of  clones  used  for  array  CGH,  although  this  is  not  a  trivial 
task  when  dealing  with  tens  or  hundreds  of  genomic  clones.  The  BAC/PAC  resources 
thttD://www.chori.org/bacpacA).  further  described  in  chapter  27,  is  an  ongoing  project  to 
FISH-map  all  clones  (25)  that  will  largely  alleviate  this  problem. 

1.2.5.  Current  Accessibility  to  Genomic  DNA-based  Arrays 
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While  cDNA  microarrays  can  be  obtained  both  commercially  and  from  array 
fabrication  core  facilities  within  research  institutions,  array  CGH  is  not  yet  immediately 
accessible  to  most  researchers.  At  present,  scientists  wanting  to  study  a  chromosomal 
region  of  interest  by  array  CGH  will  require  custom  array  production.  Progress  in  the 
HGP  has  facilitated  construction  of  a  tiling  path  of  genomic  clones  that  cover 
chromosomal  loci  of  interest  (eg.  MapViewer  resource  at  the  National  Center  for 
Biotechnology  Information:  http://www.ncbi.nlm.nih.gov/).  While  the  associated  costs 
of  genomic  DNA-based  microarray  production  are  not  practical  for  individual  research 
laboratories,  it  is  likely  that  institutional  core  microarray  facilities  will  be  able  to  modify 
production  to  address  this  need.  Conceivably,  the  post-HGP  era  will  facilitate  production 
of  whole  genome  arrays  (29),  and  even  higher-resolution  chromosome-specific  and 
chromosome  band-specific  microarrays.  Notably,  the  first  high-density  whole  genome 
microarray  (approximately  2,000  BAC  clones)  was  recently  introduced  (25)  and 
demonstrated  its  ability  to  precisely  delineate  genome-wide  segmental  aneuploidy 
breakpoints  in  tumour  cells. 

1.2. 6.  Commercial  Sources  of  Genomic  DNA-based  Arrays 

An  alternative  to  custom  arraying  of  genomic  targets  may  be  to  obtain 
commercially  available  microarrays.  Currently,  the  only  such  system  is  produced  by 
Vysis  Corporation  rhttp://www.vvsis.com).  called  the  GenoSensor  System™.  The 
AmpliOnc  I™  array  from  Vysis  contains  BAC,  PAC,  and  PI  genomic  clones  from  59 
known  oncogenes  spotted  in  triplicate  (30),  and  has  been  used  by  groups  studying  breast 
cancer  (21)  and  glioblastoma  multiforme  (24).  This  microarray  complements  their 
GenoSensor™  microarray  reader  and  analysis  software  package.  The  next  generation 
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genomic  microarray  from  Vysis  will  comprise  250-300  features,  including  genomic 
clones  from  the  AmpliOnc  I™  array,  subtelomeric  regions  of  all  chromosomes,  major 
tumour  suppressor  genes,  and  major  microdeletion  syndrome  loci  (30). 

1.3.  Detection  and  Analysis 

Analysis  of  microarray  CGH  involves  three  components,  namely:  1)  image 
acquisition;  2)  quantification  of  fluorescence  intensity;  and  3)  interpretation.  These  can 
be  accomplished  using  the  system  developed  for  expression  microarrays  with  minimal  or 
no  modification. 

1.3.1.  Image  Acquisition 

Image  acquisition  for  microarray  CGH  requires  systematic  scanning  of  all  gridded 
features  on  the  microarray.  Commercially  available  microarray  scanners  are  typically 
laser-based  scanning  systems  that  can  acquire  the  two  differential  wavelengths 
sequentially  (eg.  Packard  BioScience,  http://www.packardbiochip.com'>  or 
simultaneously  (eg.  Virtek  Vision  Inc.,  http://www.virtek.ca:  Axon  Instruments  Inc., 
http://www.axon.com').  Alternatively,  resources  for  the  development  of  in-house 
microarray  scanning  systems  are  also  available  (eg.  http://brownlab.stanford.edu/:  (31)). 
The  technical  details  underlying  these  systems  are  specific  to  the  hardware  package,  and 
are  beyond  the  scope  of  this  chapter. 

1.3.2.  Fluorescence  Quantification  and  Ratio  Analysis 

Software  for  fluorescence  quantification  and  ratio  analysis  of  gridded  spots  is 
usually  included  with  the  scanner  hardware.  Alternatively,  there  are  less  sophisticated 
softwares  publicly  available  (eg.  ScanAlyze:  http://rana.stanford.edu/:  (32)).  Quantified 
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fluorescence  intensities  requires  normalization  and  establishment  of  the  fluorescence 
ratio  baseline.  Often,  microarray  features  are  spotted  in  duplicate  or  triplicate  for 
assessing  result  reproducibility.  For  array  CGH,  inclusion  of  genomic  clones  onto  the 
microarray  from  regions  that  are  known  not  to  be  involved  in  copy  number  change  are 
recommended  as  internal  controls  for  these  purposes.  In  addition,  parallel  experiments  in 
which  differentially  labeled  normal  genomic  DNA  is  compared  against  itself  can  serve  to 
establish  the  specificity  of  the  system.  Overall,  there  is  an  obvious  need  for  statistical 
analysis  of  the  conformity  of  the  results  (33).  Global  normalization  approaches  such  as 
those  used  in  expression  microarray  experiments  may  also  be  used  for  establishing 
baseline  thresholds  (10,34). 

Previous  reports  indicate  that  the  relationship  between  the  fluorescence  ratio  and 
copy  number  changes  (1,9,1 1,12)  deviates  from  linearity  at  low  copy  numbers.  For  this 
reason,  it  is  important  for  users  to  independently  establish  this  relationship  for 
interpretation  of  CGH  results  and  to  confirm  imbalances  by  direct  FISH  analysis  of  tissue 
sections. 

1.3.3.  The  Role  of  Bioinformatics  in  Microarray  CGH 

As  representation  on  the  microarrays  increases  in  density,  data  storage  (35)  and 
bioinformatics  will  become  an  important  aspect  of  the  CGH  analysis.  In  addition,  the 
increase  in  resolution  will  make  the  task  of  identifying  consensus  regions  of  genomic 
imbalance  amongst  samples  more  challenging.  Overall,  this  will  necessitate  datamining 
techniques  that  can  handle  many  data  points  on  multiple  dimensions  between 
experiments.  Moreover,  for  cDNA  array  CGH,  in  silico  determination  of  chromosomal 
localisations  of  cDNA  targets  is  essential  for  providing  a  comprehensive  ideogram-type 
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schematic  of  chromosomal  copy  number  changes  (Figure  3)  (10).  As  microarray  CGH 
technology  becomes  more  prevalent,  more  standardized  informatics  and  analysis  tools 
will  appear. 
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2.  Materials 


2.1.  cDNA  array  CGH 

2.1.1.  Array  preparation 

1.  20X  sodium  saline  citrate  (SSC);  Dissolve  175.32  g  of  NaCl,  88.23  g  of 
sodium  citrate-2H20  in  1  L  water,  titrate  to  pH  7.0.  Store  at  room 
temperature. 

2.  cDNA  microarray.  Store  in  dessicator  at  room  temperature. 

3.  Blocking  solution:  3%  BSA,  4X  SSC,  0. 1  %  Tween-20.  Store  at  -20°C. 

4.  Glass  coverslips. 

2.1.2.  Probe  preparation  by  random  primer  labeling  of  genomic  DNA 

1 .  High  molecular  weight  genomic  DNA. 

2.  EcoRl  or  DpnIL  (New  England  Biolabs). 

3 .  Qiaquick  PCR  purification  kit  (Qiagen). 

4.  BioPrime  labeling  kit  (Gibco  BRL).  Store  at  -20°C. 

5.  dNTP  mixture:  4.8  mM  each  of  dATP,  dGTP,  dTTP. 

6.  2.4  mM  dCTP. 

7.  1  mM  Cy5-dCTP,  Cy3-dCTP  (Amersham).  Store  in  the  dark  at  -20°C. 

8.  Microcon  30  filter  (Amicon). 

9.  Yeast  tRNA  (Gibco  BRL).  Store  at  -80°C. 

10.  Poly(dA-dT)  (Sigma).  Store  at -20'’C. 

11.  Cot- 1  DNA  (Gibco  BRL). 
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12.  Hybridization  buffer:  3.4X  SSC  and  0.3%  SDS.  Prepare  fresh  per 
experiment. 

2.1.3.  Probe  denaturation  and  hybridization 

1 .  Rubber  cement. 

2.  Hybridization  oven. 

2.1.4.  Washes 

1 .  Heated  water  bath. 

2.  Coplinjars. 

3.  Slide  centrifuge. 

2.2.  Array  CGH 

2.2.1.  Array  preparation 

1 .  DNA  extracted  and  purified  iBrom  genomic  clones. 

2.  Maxiprep  DNA  extraction  kit  (Qiagen). 

3.  Glass  slides. 

4.  Glass  capillary  tubes  or  robotic  arrayer. 

5.  Blocking  solution:  10  pg/pL  salmon  sperm  DNA  (Life  Technologies)  in 
50%  formamide  (Gibco  BRL),  10%  dextran  sulphate,  2X  SSC,  0.2%  SDS, 
0.2%  Tween-20.  Store  at  -20°C. 

2.2.2.  Probe  preparation  by  nick  translation  of  genomic  DNA 

1 .  High  molecular  weight  genomic  DNA. 

2.  DNA  polymerase  I  (Roche). 

3.  DNase  I  (Gibco  BRL). 
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4. 


lOX  Cy3  dNTPs:  0.1  mg/mL  BSA  (Sigma),  0.1  M  _-mercaptoethanol 
(Sigma),  0.5  M  Tris-HCl,  50  mM  MgCla,  0.08  mM  Cy3-dCTP  (Amersham), 
0.2  mM  dATP,  0.12  mM  dCTP,  0.2  mM  dTTP,  0.2  mM  dGTP;  dissolved  in 
water.  Store  in  the  dark  at  -20“C. 

5.  lOX  Cy5  dNTPs:  0.1  mg/mL  BSA,  0.1  M  _-mercaptoethanol,  0.5  M  Tris- 
HCl,  50  mM  MgCL,  0.08  mM  Cy5-dCTP,  0.2  mM  dATP,  0.12  mM  dCTP, 
0.2  mM  dTTP,  0.2  mM  dGTP;  dissolved  in  water.  Store  in  the  dark  at 
-20‘’C. 

6.  DNAse  I  dilution  buffer:  50  mM  Tris-HCl,  5  mM  MgCL,  1  mM  _- 
mercaptoethanol,  100  pg/rnL  BSA;  dissolved  in  water.  Store  at  -20°C. 

7.  DNA  size  standard  ladder  (eg.  Hind]ll  ladder). 

8.  0.3M  Ethylenediaminetetracetic  acid  (EDTA)  (Gibco  BRL). 

9.  Sephadex  G50  spin  column  (Amersham). 

10.  Cot- 1  DNA  (Gibco  BRL). 

11.  Hybridization  buffer:  50%  formamide,  10%  dextran  sulphate,  2X  SSC,  2% 
SDS.  Store  at  -20°C. 

2.2.3.  Probe  denaturation  and  hybridization 

1 .  Hybridization  oven. 

2.2.4.  Washes 

1 .  Heated  water  bath. 

2.  0.1  M  sodium  phosphate  buffer. 

3.  NP-40  (Vysis). 
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3.  Methods 


3.1.  cDNA  array  CGH 

3.1.1.  Array  preparation 

1 .  Block  cDNA  microarray  under  a  glass  coverslip  for  1  hour  at  37°C  with 
blocking  solution  prior  to  hybridization  with  denatured  probe  (see  Note  3). 

3.1.2.  Random  primer  labeling  of  genomic  DNA 

1 .  2  pg  each  of  high  molecular  weight  tumour  and  normal  genomic  DNA  is 
separately  digested  with  Dpnll  for  1-1.5  hours  {see  Notes  4-6).  The 
digestion  products  are  purified  (Qiaquick  PCR  kit),  vacuum-dried,  and 
resuspended  in  25  pL  of  water. 

2.  Random  primer  labeling  is  performed  using  the  Bioprime  Labeling  kit, 
according  to  manufacturer’s  instructions,  with  modifications.  Denature  the 
DNA  and  20  pL  Random  Primers  (included  in  kit)  at  100°C  for  5  minutes. 
Immediately  chill  on  ice,  and  add  2.5  pL  dNTPs,  1.25  pL  dCTP,  1  pL 
Cy5/Cy3-dCTP,  and  1  pL  Klenow  fragment  (included  in  kit).  Incubate  at 
37°C  for  90  minutes. 

3.  Combine  Cy3-  and  Cy5-labeled  products  and  load  onto  a  microcon  30  filter. 
After  centrifuging  at  2,000  g  for  10  minutes,  check  the  sample  reservoir  for 
the  presence  of  labeled  product  (purple  colour).  Add  directly  to  the  sample 
reservoir  30  pg  Cot-1  DNA,  100  pg  yeast  tRNA,  and  20  pg  poly(dA-dT), 
and  centrifuge  for  20  minutes  at  5,000  g.  To  recover  the  sample,  add  15  pL 
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hybridization  buffer,  and  invert  microcon  filter  into  a  fresh  colleetion  tube 
and  centrifuge  for  1  minute  at  16,000  g. 

3.1.3.  Probe  denaturation  and  hybridization 

1.  Denature  the  probe  at  100°C  for  90  seconds  in  heated  water  bath  or  PCR 
machine.  Chill  probe  on  ice,  and  allow  probe  to  preanneal  at  37“C  for  0.5-1 
hour. 

2.  The  probe  is  added  to  the  microarray,  covered  with  a  glass  coverslip  and 
sealed  with  rubber  cement.  Hybridization  is  at  65“C  for  16-20  hours  in  a 
moist  chamber  humidified  with  hybridization  buffer  {see  Notes  3  and  7). 

3.1.4.  Washes 

1 .  The  cDNA  microarray  is  washed  at  65°C  {see  Note  7)  for  5  minutes  in  2X 
SSC,  0.03%  SDS,  followed  by  successive  washes  in  IX  SSC  and  0.2X  SSC 
at  room  temperature  (5  minutes  each). 

2.  The  microarray  is  centrifuged  at  low  speed  (50  g)  for  5  minutes  to  dry. 

3.2.  Array  CGH 

3.2.1.  Array  preparation 

1 .  Genomic  clones  (BACs,  PACs,  cosmids,  etc.)  are  grown  with  appropriate 
antibiotic  and  isolated  using  commercially  available  maxi  kits.  Typical  yield 
is  tens  of  micrograms  of  DNA.  Standard  protocols  using  phenol/chloroform 
may  be  used  to  further  purify  the  DNA  {see  Note  2). 

2.  Size  and  quality  of  DNA  is  assessed  by  1%  agarose  gel  electrophoresis,  and 
quantified  with  a  UV  spectrophotometer. 
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3.  This  target  DNA  is  sonicated  to  1.5-15  kb  fragments,  precipitated,  diluted  to 
appropriate  concentrations  and  spotted  down  on  glass  slides  in  a  clean 
environment  with  capillary  tubes  at  approximately  200-400  pm  diameter 
spots  {see  Note  8). 

4.  Arrays  are  preannealed  for  1  hour  at  37°C  with  20  pL  blocking  solution 
under  a  glass  coverslip  in  a  hybridization  chamber  {see  Notes  3  and  9). 

3.2.2.  Probe  preparation  by  nick  translation  of  genomic  DNA 

1 .  2  pg  each  of  high  molecular  weight  tumour  and  normal  genomic  DNA  {see 

Note  5)  is  separately  labeled  by  nick  translation.  The  reaction  mixtures  are 
as  follows: 

A)  Cy3  reaction  (to  total  100  pL  with  water): 

i.  Tumour  genomic  DNA:  2  pg 

ii.  10XCy3dNTPs:  10  pL 

iii.  DNA  polymerase  I:  1  pL 

iv.  DNase  I  {see  Note  10) 

B)  Cy5  reaction  (to  total  100  pL  with  water): 

i.  Normal  genomic  DNA:  2  pg 

ii.  10XCy5dNTPs:  10  pL 

iii.  DNA  polymerase  I:  1  pL 

iv.  DNase  I  {see  Note  10) 

2.  The  labeling  reaction  proceeds  for  1 .5  hours  at  16°C  (refrigerated  water  bath 
or  PCR  machine),  following  which  the  reaction  mixtures  are  put  on  ice. 
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3. 


The  size  of  the  labeled  product  is  assessed  by  1%  agarose  gel  electrophoresis 
(see  Note  1 1).  Optimum  fragment  length  for  CGH  is  500-2,000  base  pairs. 
If  the  size  range  is  too  large,  reaction  mixtures  are  returned  to  16°C  with 
additional  DNase  I  and  polymerase  I  to  incubate  further. 

4.  Labeling  reaction  is  stopped  with  addition  of  0. 1  volume  0.3M  EDTA. 

5.  Unincorporated  nucleotides  are  removed  from  the  labeling  mixtures  using  a 
Sephadex  G50  spin  column. 

6.  Labeled  products  are  mixed  together,  supplemented  with  50  pg  Cot-1  DNA, 
and  precipitated  with  0.1  volume  3M  sodium  acetate  and  2  volumes  cold 
100%  ethanol.  Precipitate  is  rinsed  with  70%  ethanol  and  air  dried,  then 
redissolved  in  20  pL  hybridization  buffer. 

3.2.3,  Probe  denaturation  and  hybridization 

1 .  Denature  probe  for  5  minutes  at  75°C,  and  allow  preannealing  of  the  probe 
for  0.5-1  hour  at  37'’C  to  ensure  sufficient  blocking  of  repetitive  elements. 

2 .  Apply  the  probe  to  the  microarray  after  preannealing  of  the  microarray  is 
completed,  cover  with  glass  coverslip  and  seal  with  rubber  cement.  Arrays 
are  hybridized  for  24  hours  at  37°C  in  a  chamber  humidified  with 
hybridization  buffer  (see  Note  3). 

3.2.4.  Washes 

1.  Arrays  are  washed  at  55°C  in  50%  formamide,  2X  SSC  pH  7.0  (3X,  10 
minutes  each),  then  in  0.1  M  sodium  phosphate  buffer  with  0.1%  NP-40  pH 
8  at  room  temperature,  5-10  minutes. 
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2.  Drain  excess  liquid  and  mount  slide  in  DAPI/Antifade  under  a  glass 
coverslip. 
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4.  Notes 


1 .  Controversy  exists  in  establishing  a  standard  nomenclature.  Although  the  term 
“probe”  correctly  refers  to  the  known  nucleic  acid  sequence  tethered  on  the 
microarray  while  “target”  is  the  unknown  sequence  in  the  sample  (36),  for  the 
sake  of  conformity  this  chapter  is  following  the  convention  used  by  all  current 
microarray  CGH  publications. 

2.  Until  automated  and  practical  batch  methods  are  developed,  many  groups  are 
using  maxi  kits  for  obtaining  target  DNA  for  genomic  DNA-based  microarrays. 
This  is  a  labor-  and  time-intensive  process  that  needs  repeating  when  the  target 
DNA  is  exhausted  over  multiple  arrayings.  If  purified  target  DNA  is  available  (at 
least  several  hundred  nanograms  template,  fi-om  either  maxi  or  mini  preps),  DOP- 
PCR  (26)  may  be  used  to  ensure  an  indefinite  supply  of  target  DNA. 

3.  It  is  very  important  that  the  microarray  does  not  dry  during  any  hybridization  step. 
Ensure  that  the  hybridization  chamber  remains  humidified  with  hybridization 
buffer  to  prevent  evaporation  of  the  probe  or  blocking  mixture.  If  the  microarray 
does  dry,  the  results  are  invariably  unusable. 

4.  The  protocol  herein  is  optimized  for  cDNA  microarrays  with  approximately  3,500 
features  arrayed  over  an  area  of  approximately  18x16  mm^  (9,10).  The  amount 
of  DNA,  as  well  as  the  final  hybridization  volume,  must  be  scaled  up  when  using 
higher  density  microarrays  covering  a  larger  spotting  area  (10). 

5.  As  expected,  the  size  and  purity  of  the  unlabeled  genomic  DNA  is  very  important 
for  obtaining  high  quality  results  using  microarray  CGH.  Low  quality  DNA  used 
in  labeling  can  result  in  high  background  and  low  signal  intensity  on  the 
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microarray.  The  protocol  stated  herein  is  optimized  for  genomic  DNA  extracted 
from  fresh  tissues. 

6.  The  choice  of  restriction  enzyme  for  digestion  is  important  for  labeling  efficiency. 
It  has  been  noted  that  decreasing  the  average  fragment  size  prior  to  labeling  may 
increase  labeling  efficiency  (9).  This  has  to  be  balanced  against  excessive 
digestion  producing  fragments  that  are  too  small  to  be  suitable  for  hybridization  to 
the  cDNA  targets.  In  our  hands  EcoRl  has  produced  consistently  satisfactory 
results  for  human  genomic  DNA. 

7.  When  beginning  the  technique,  a  range  of  different  hybridization  and  wash 
temperatures  should  be  tested  to  determine  the  optimal  sensitivity  and  specificity 
for  the  specific  cDNA  microarrays  used.  In  our  hands  (10)  we  have  found  that 
hybridization  at  37°C  and  wash  at  55°C  allows  sufficient  sensitivity  for  detection 
of  high  copy  number  gains  and  amplifications.  We  have  observed  that  65°C 
washes  reduced  signal  intensity  on  our  microarrays.  Too  low  a  wash  temperature 
will  result  in  non-specific  binding  (too  many  yellow  signals).  We  recommend 
that  these  tests  be  performed  using  differentially  labeled  DNAs  from  different 
samples  to  ensure  optimization  of  the  technique  specificity. 

8.  To  date,  the  protocols  for  array  fabrication  have  not  yet  been  standardized.  The 
published  works  specify  target  DNA  concentrations  of  400-1000  pg/mL  hand- 
spotted  on  glass  slides  coated  with  poly-L-lysine  (1 1),  or  2  pg/pL  target  DNA  on 
aminopropyltrimethoxy  silane-coated  slides  (12).  It  is  important  to  note  that  both 
the  concentration  as  well  as  the  slide  preparation  is  likely  to  change  as  automation 
procedures  with  robotic  arrayers  emerge. 
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9.  The  protocol  specified  herein  for  array  CGH  assumes  a  maximum  gridded  feature 
area  that  can  be  covered  with  a  22  x  20  mm^  glass  coverslip.  In  addition,  it  is 
assumed  that  the  target  DNA  are  denatured  during  array  fabrication  (12). 
Otherwise,  a  microarray  denaturation  step  of  2  minutes  in  70%  formamide/4X 
SSC  (11)  must  be  included  prior  to  probe  hybridization. 

10.  The  final  probe  length  depends  on  the  DNase  I  concentration.  For  CGH,  the 
suitable  length  for  hybridization  ranges  from  500-2,000  base  pairs.  Initially,  stock 
solutions  of  IxlO"'*  U/pL,  prepared  fresh  in  DNAse  I  dilution  buffer,  may  be  used 
to  obtain  the  final  concentration  of  5x10'^  U/pL.  However,  this  should  be 
adjusted  as  necessary  to  obtain  optimal  fragment  length. 

1 1 .  Approximately  0.05  -0.1  volume  of  each  labeling  mixture  is  loaded  onto  the  gel 
with  DNA  stain  (eg.  ethidium  bromide).  Assessment  of  labeling  by  agarose  gel  is 
recommended  as  it  can  aid  in  troubleshooting  array  CGH  results. 
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6.  Figure  Legends 


Figure  1.  Schematic  depiction  of  the  utility  of  cDNA  microarrays  in  expression  and 
CGH  analyses.  cDNA  microarrays  are  screened  with  labeled  probes  derived  from  RNA 
and/or  DNA  of  normal  (Cy5)  and  tumour  (Cy3)  tissue.  Analysis  of  the  redrgreen  signal 
intensity  ratios  indicate  the  level  of  A)  gene  expression  or  B)  gene  dosage  change, 
respectively.  Analyses  may  require  datamining  techniques  for  optimal  interpretation  of 
the  results.  A)  Two-dimensional  hierarchical  clustering  (32,37)  is  applied  to  the  results 
to  identify  patterns  of  gene  expression  and  establish  clinical  correlates.  B)  in  silica 
cDNA  chromosome  localisation  and  arrangement  into  sequential  order  allows  the  results 
of  cDNA  array  CGH  to  be  depicted  as  an  ideogram-type  plot  across  the  genome, 
facilitating  identification  of  regions  of  gene  dosage  change. 

Figure  2.  Normalized  cDNA  array  CGH  of  neuroblastoma  patients  identified  three 
tumour  genotypes:  A)  No  high  copy  gains  or  amplification  of  genomic  DNA;  B)  MYCN 
amplification  as  the  sole  genomic  copy  number  imbalance;  and  C)  MYCN  amplification 
with  previously  undetected  co-amplified  2p24  genes  and  high  copy  number  gains  of 
numerous  other  genes,  suggesting  an  underlying  genetic  instability.  This  third  clinical 
genotype  was  not  previously  described,  as  these  regions  are  not  resolvable  by 
chromosome  CGH  (10). 

Figure  3.  High  resolution  detection  of  gene  dosage  changes  on  chromosome  17  using 
high-density  cDNA  array  CGH.  Chromosome  CGH  detected  high  copy  gain  of  the 
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chromosome  region  17p-17q21  (vertical  gray  bar)  in  an  osteosarcoma  sample. 
Corresponding  normalized  cDNA  array  CGH  using  genomic  DNA  from  the  same  sample 
significantly  resolved  the  boundaries  of  this  gain  to  the  region  17pl2-17pl  1.2  (horizontal 
gray  bar).  Chromosome  ideograms  are  consfructed  by  in  silico  assignment  of  microarray 
cDNAs  to  chromosomes,  then  arranging  cDNAs  into  sequential  order  along  each 
chromosome  (10). 

Figure  4.  Schematic  representation  of  the  array  CGH  technique  for  a  focused  analysis  of 
copy  number  imbalances  along  a  region  of  interest  (eg.  8q21.1).  A)  A  tiling  path  of 
genomic  clones  (eg.  BACs,  PACs,  Pis,  cosmids)  is  generated  to  cover  the  region.  After 
extraction  and  purification,  these  genomic  DNA  targets  are  arrayed  onto  glass  slides.  B) 
Array  CGH  is  performed  by  hybridizing  labeled  normal  (Cy3)  and  tumour  (Cy5) 
genomic  DNA  to  the  microarray,  and  detected  using  a  microarray  scanner.  C)  Each  array 
spot,  realigned  in  silico  as  a  single  contiguous  map  to  correspond  with  the  tiling  path,  can 
be  analysed  by  fluorescence  ratio  to  identify  the  regions  of  copy  number  changes.  These 
results  may  be  correlated  with  in  silico  techniques  to  identify  candidate  genes  of  interest. 

Figure  5.  Histogram  showing  the  copy  number  of  the  genomic  clones  comprising  a  7  Mb 
tiling  path  on  chromosome  22q,  represented  from  the  centromeric  (left)  to  the  telomeric 
(right)  direction.  Each  black  bar  represents  an  individual  genomic  clone.  Chromosome 
X  and  Y  control  genomic  clones  are  separated  (gray  bar)  on  the  right  of  the  histogram. 
A)  Array  CGH  comparing  normal  male  and  female  DNA  shows  expected  single  copy 
loss  of  chromosome  X  clones  (arrows).  B)  Comparison  of  a  male  NF2  patient  against 
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normal  female  control  delineates  boundaries  of  heterozygous  loss  along  the  NF2  locus 
and  surrounding  region  (stippled  region).  C)  The  detection  of  homozygous  interstitial 
deletion  (asterisk)  within  a  region  of  single  copy  loss  in  a  heterozygous  female  NF2 
patient  against  a  normal  female  control  demonstrates  the  sensitivity  and  the  resolution  of 
array  CGH.  The  accuracy  of  the  technique  is  reflected  by  the  deviation  of  the  ratio  from 
the  expected  values.  Adapted  from  Bruder  et  al.,  2001  (20)  with  permission. 
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